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ABSTRACT

This paper addresses user clustering and scheduling for multi-user MIMO low Earth orbit nonterrestrial network systems in
full frequency reuse. Since the number of on-ground user terminals is usually much higher than the number of on-board LEO
satellite antennas, user scheduling becomes a fundamental task. We accomplish user scheduling by grouping users into clusters.
Users within the same cluster are served by the satellite at the same time by means of space division multiplexing via location-
based feed space digital beamforming. Each cluster is then assigned to a distinct time slot and served by means of time division
multiplexing. Given the full frequency reuse nature of the system, we design user scheduling algorithms with the goal of maxi-
mizing the average per-user throughput while minimizing the co-channel interference and preserving fairness among users. To
this aim, we propose in this paper (a) a distance-based iterative graph-based scheduler based on the maximum clique approach
and (b) a distance-based implementation of the multiple antenna downlink orthogonal user clustering algorithm. For both these
schedulers, the great circle distance between the users is employed as a dissimilarity metric to compute the user adjacency ma-
trix, avoiding the need for the transmission of downlink pilots for channel state information estimation. To further validate our
analysis, the proposed approaches are compared with (a) channel state information-based graph and maximum clique approach
and (b) original multiple antenna downlink orthogonal user clustering algorithm. Extensive simulations assess the achievable
per-user throughput and signal-to-noise plus interference ratio achieved by the proposed schedulers, highlighting the impact
that the distance-based metric has on the system performance. This study provides valuable insights into the effective use of user
scheduling algorithms.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium,

provided the original work is properly cited.
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1 | Introduction

Nonterrestrial network (NTN) systems are expected to have
a significant impact on the future advancement of wireless
networks. Thanks to their inherent attributes, they repre-
sent a key enabler to achieve the ambitious objective of pro-
viding services everywhere, at any time, and on any device.
Specifically, NTN systems are instrumental in extending and
complementing terrestrial coverage in unserved and undere-
served areas, as well as in providing connectivity to vertical
markets [1].

The upcoming generations of wireless networks are expected
to connect an extremely large number of devices with fast data
transfer rates and minimal latency. To this aim, low earth orbit
(LEO) satellites are considered a promising technology to rev-
olutionize several beyond fifth-generation (B5G) and sixth-
generation (6G) application cases [2]. When compared with
Geostationary orbit (GEO) satellites, LEO satellites possess sev-
eral advantages, for example, lower power consumption and re-
duced propagation latency requirements [3].

However, one of the major challenges of NTN is to provide sig-
nificant capacity to support service requirements while manag-
ing the limited available frequency spectrum [4]. To this aim,
NTN focuses on full frequency reuse (FFR) approaches that on
one side maximize the exploitation of the available spectrum
and on the other side introduce significant interference that
shall be dealt with by the system. To improve the transmission
data rates, the recent trend is to adopt the multibeam (MB) ar-
chitectures to obtain higher power flux density per beam and
increase the spectrum’s reuse factors.

Multiple-input-multiple-output (MIMO) is one of the key en-
ablers of MB satellites, improving their data rate and boosting
their spectral efficiency. LEO satellites equipped with antenna
arrays can efficiently deliver services to many user terminals
(UTs) through the implementation of digital beamforming
algorithms in the feed space (FS) [5]. Under this framework,
transmissions in areas characterized by high UT density may
lead to a substantial amount of interference and, as a result,
a notable reduction in the per-user throughput. To address
this issue, user scheduling algorithms have to be employed to
ensure adequate performance while also maintaining good
fairness levels among the users. Due to the complexity of the
problem, the design of scheduling algorithms can be challeng-
ing. To improve the sum-rate capacity of the NTN system, one
possibility is to exploit clustering algorithms to avoid sched-
uling users with similar channel conditions, which may lead
to the scheduled channel matrix to be rank deficient. Users
within the same cluster, or group, are subsequently served
collectively using space division multiplexing (SDM) through
digital beamforming methods, with each group being sched-
uled to separate time intervals using time division multi-
plexing (TDM) [6]. Clearly, several decision criteria may be
employed to define user clusters. The majority of user group-
ing algorithms employs the channel coefficient of correlation
(CoC) metric due to its capability to measure the spatial com-
patibility between two users. This metric takes into account
both orthogonality and individual channel gains, thus mak-
ing it a dependable indicator for scheduling one user without

impacting the other users at the expense of obtaining variable-
sized clusters [7].

The process of identifying the optimal subset of UTs for sched-
uling is an intricate optimization problem referred to be nonde-
terministic polynomial-time (NP)-complete [4]. Consequently,
there is a prevailing tendency to create suboptimal solutions
that find a compromise between computational complexity and
performance.

1.1 | Previous Works

A substantial amount of literature has been produced on user
scheduling and beamforming design in satellite communication
(SATCOM) systems. Two different scheduling approaches can
be distinguished in literature: (i) scheduling and clustering for
multicast transmission, in which the objective is to group users
based on a similarity measure (e.g., similar channel), and adopt
the same precoder for the whole group and (ii) scheduling and
clustering for unicast transmission, in which the objective is
to group users based on a dissimilarity measure, that is, serve
users in the same group through SDM and separate each group
through TDM. The scheduling approaches for multicast trans-
mission mainly focus on GEO and use clustering techniques
based on centroid or connectivity models (i.e., k-means). In [8],
the authors adopt a scheduling approach with joint multicast
precoding based on spectral clustering, in which they construct
a graph with similarity matrix based on the Euclidean distance
between users' channel vectors, and they apply the k-means al-
gorithm on the eigenvectors associated with the lowest eigenval-
ues of the Laplacian matrix associated to the graph. In [9], the
authors examine precoding design in a MB-SATCOM system to
maximize the throughput. This research focuses on achieving
optimal user scheduling and beamforming, taking into account
the availability of perfect channel state information (CSI). The
study conducted in [10] examines a resilient multigroup mul-
ticast transmission scheme for a MB-SATCOM system and
presents a beamforming algorithm with low complexity, along
with a user grouping algorithm. The study further examines the
influence of CSI errors on the optimization objective of power
minimization. The authors of [11] examined the design of the
multigroup multicast transmission scheme in frame-based MB
SATCOM systems. This work proposes a joint design scheme
for user scheduling and beamforming which relies on accurate
CSI. The main goal of this scheme is to maximize spectrum effi-
ciency. In [6], the design of joint scheduling and precoding tech-
niques is presented for multi-user multiple-input single-output
(MU-MISO) downlink (DL) channels with perfect CSI. The
overall problem of selecting users for multicast precoding has
been regarded as a clustering problem. This study further yields
qualitative outcomes in the context of maximizing the overall
sum-rate. The authors of [12] proposed an equivalent distance
metric for scheduling, incorporating the experienced interfer-
ence level, the slant range, and the number of antenna elements
on board of the satellite. The scheduler computes the metric
in an iterative fashion, aiming at approximating the signal-to-
interference-plus-noise ratio (SINR) of each user.

With regard to scheduling and clustering for unicast trans-
mission, within the existing literature, the challenge of user
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scheduling is approached in two distinct ways: (a) SINR-based
scheduling and (b) non-SINR-based scheduling. The first ap-
proach involves the initial computation of the SINR for each
user. Afterwards, the user u is allocated to the group that has
the least effect on the resulting SINR. Nevertheless, this ap-
proach becomes unfeasible when managing a large number
of users per spot beam within a reasonable time frame. An
exemplary algorithm in this classification is the State-of-the-
Art (SOA) sum rate maximization user grouping (SMUG) al-
gorithm [13], which demonstrates exceptional performance
when the overall number of users in the system is relatively
small. The SMUG algorithm employs a systematic approach
to choose users from a pool of potential candidates, taking
into account the overall number of available time slots. The
goal is to maximize the current sum-rate while guaranteeing
a consistent increase in the sum-rate for each subsequent time
slot. Differently, the non—-SINR-based approaches evaluate the
spatial suitability of two users in a MU-MIMO system using a
computationally efficient measure, that is, the CoC. Further
details on this methodology can be found in [7]. The multiple
antenna downlink orthogonal clustering (MADOC) algorithm
is a renowned SOA scheduler that uses a non-SINR-based
approach [14].

1.2 | Contribution and Notation

This paper is an extended version of our work in [15] and pres-
ents a new radio resource management (RRM) method based
on the system model from our prior works [15-18]. While our
prior research primarily concentrated on the S-band, this ex-
tension significantly enhances RRM research within the Ka-
band frequency range. The key contributions of this paper are
as follows:

« We formulate a novel grouping indicator and ensured its
compatibility with two CSI-based SOA schedulers, namely,
the original MADOC algorithm [14], and the graph-based
iterative maximum clique scheduler (IMCS) [16]. This indi-
cator does not necessitate the use of CSI during the schedul-
ing phase; rather, it solely relies on the geographic positions
of users, reducing the amount of overhead required by the
SATCOM system. The main goal is to improve the total
sum-rate capacity of the system while also guaranteeing
fairness among users.

« Tovalidate our improvements, we conduct a comprehensive
comparative analysis between the two CSI-based sched-
ulers (named C-MADOC and C-IMCS) and their newly
proposed distance-based counterparts (D-MADOC and D-
IMCS). The purpose of this comparative analysis is to assess
the effectiveness and advantages of the distance-based algo-
rithms and to further provide a comprehensive understand-
ing of how the use of location-based grouping indicators can
affect the performance and efficiency of schedulers.

« We consider a full location-based framework, in which not
only the scheduling algorithms are distance-based but also
beamforming is location-based; that is, we implement SDM
within each group via FS Location-based minimum mean
square error (LB-MMSE), in which the users' channel vec-
tors are inferred from their position.

We report in Table 1 the terminology and notation used through-
out the paper, along with their description.

2 | System Model

The system model has been adapted from our previous stud-
ies [15-18] to maintain consistency. A standalone LEO sat-
ellite equipped with a uniform planar antenna array (UPA)
is considered. The antenna array is composed of N radiating
elements, providing connectivity to K uniformly distributed
on-ground users. While the growing SatCom user base may
let the user distribution deviate to being nonuniform [19],
we here consider only stationary UTs in rural areas with low
user density; thus, the traditional uniformity assumption is
reasonable. In this setup, the serving ground node base sta-
tion (gNB), which is assumed to be situated on the ground
and within the satellite's visibility, is responsible for sched-
uling multiple data transmissions in each scheduling frame.
It serves users through SDM using FS location-based digital
beamforming techniques. Typically, to execute these tasks,
the gNB transmits pilot signals at the initial time 7z, enabling
users to estimate their DL CSI, which is then relayed back to
the gNB to determine the optimal user scheduling. However,
this process introduces overhead that diminishes the system's
overall throughput. Therefore, as illustrated in Figure 1, in
each scheduling window, we propose that a global naviga-
tion satellite system (GNSS)-enabled UT k communicates its

TABLE1 | Adopted terminology and notation.

Al Transpose of matrix A
AH Conjugate transpose of matrix A
diag(A) Vector containing diagonal elements of A
diag(a) Diagonal matrix constructed from vector a
[A];; Element at row i and column j of matrix A
Ny, Ny No. of array elements in y- and z-axes
N=Ny- Ny Total no. of array elements
dy, dy Inter-element distance on y- and z-axes
K Boltzmann constant
B User bandwidth
T, =T Equivalent noise temperature of UT k
d, Slant range of UT k
A Carrier wavelength
ky=2mA Wave number
g9, 9) Radiation pattern of antenna elements
ng) Reception antenna gain for UT k
I, K x K identity matrix
P, Total onboard power

- Noise power
L, Additional propagation losses for UT k
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Estimation phase 7, ‘ ’ Transmission phase 74
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FIGURE1 | LEO NTN system architecture.

estimated position at time 7z, to the gNB instead of sending
DL CSI, thereby removing the necessity for dedicated DL pi-
lots for scheduling. These positional data are processed by the
RRM functions, culminating in the satellite transmitting the
scheduled symbols at time 7, = 7, + Az. It is evident that the
delay Az between position estimation and DL transmission
impacts system performance, as the aging of the channel due
to satellite and potentially user movement can lead to subopti-
mal scheduling and beamforming matrix calculations for the
actual transmission channel. This latency comprises the max-
imum propagation delay on the uplink user link within the
coverage area (Tyrmax)> the DL and uplink propagation delays
on the feeder link (both assumed to be equal to 7;..4.), Pro-
cessing delays from RRM (z,), and additional system delays
(r40)- The total latency Az can be then expressed as follows:

Az = TUT,max + 27'-feeder + Tp + Tad (1)

where 7y, denotes the maximum propagation delay for a
UT in the satellite's coverage area while requesting connectiv-
ity, Treeder represents feeder link propagation latency, 7, is the
beamforming matrix computation processing delay, and 7,
includes any additional system delays. It must be noted that
the feeder link propagation latency 7.4, contribution is two-
fold because the estimations must be sent back to the ground
station on the return link and the beamformed symbols to the
satellite on the forward link.

Focusing on the on-board antenna illustrated in Figure 2,
the array response of the UPA in the direction of the k-th UT
(9% @) can be represented as the Kronecker product of the
array responses of two uniform linear arrays (ULAs) aligned
on the y-axis and the z-axis, respectively [21-24]. We first de-
fine the 1 x Ny, steering vector (SV) of the ULA along the y-
axis as ay(0,, ¢,) and the1 X Ny, SV of the ULA along the z-axis
as follows a(6,):

jKodpsind, si jkody(Ny — 1)sind, si
aH(Sk’ (ﬂk) = [1,9’ oAy SIN: ksmfﬂk, ...,e% (N — Dsin kS1n(l7k]

@

aV(sk) — [1, ejkodvcossk’ o ejkodV(NV— l)cosﬁk] (3)

FIGURE2 | Planar antenna array model [20].

In this context, additional information about the config-
uration and array response can be found in [25]. Under the
assumption that the array is equipped with directional an-
tenna elements, each characterized by the radiation pattern
g9y, ¢;), the 1 X N SV of the UPA in the direction of the k-th
UT can be expressed as follows:

a9 ) = 259 0) a8y ) ® a,(9,) @

where ® denotes the Kronecker product. Since we assume no
availability of CSI, but only users' locations are available at the
gNB, the FS channel vector between the N radiating elements of
the UPA and the k-th UT can be inferred from the UT position
by computing the slant range d, and the UT direction (9, ¢;)
w.r.t. the UPA as follows:

~ A 1 =
h, =62,/ —¢T7%a(y,, 5)
=0 g\ e e

where G;{m) is the maximum reception gain of the k-th UT's
antenna, which is assumed to be a VSAT based on the 3GPP
model reported in [26], pointed towards the satellite. By col-
lecting all K channel vectors, we form the KXN complex
system-level channel matrix, denoted as H. This matrix is
structured as follows:

AT ~T

fi= [f) B, By ©)

in which each row, specifically the k-th row, corresponds to the
channel vector associated with the k-th user. Similarly, each col-
umn, particularly the n-th column, consists of the channel coef-
ficients that relate the n-th feed to all K UTs. By looking at (5),
ﬁk and, consequently, H are based on deterministic components
and do not take into account the statistical additional losses L,
experienced by the k-th UT, computed as follows:

Lk = Lsha,k + Latm,k + Lsci,k (7)
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where L, , denotes the attenuation due to log-normal shad-
owing, L, the atmospheric attenuation, and L, the atten-
uation due to the scintillation. Hence, the actual FS channel
vector encountered during propagation can be written as
follows:

h, = G4 A Lk

—J =+ dy
¢ xd, Vrpr® e ®)

2.1 | Joint User Scheduling
and Beamforming Setup

Given the set of all users that need to be scheduled, denoted with
% ={U,,U,, ..., U}, the RRM algorithm has the task of allocat-
ing users to one or more clusters/groups {%,,%,, ..., €p}, where
%p C %. To preserve fairness, we ensure that all users are allo-
cated to at least one cluster, ie, €, U €, U...U Gp=%.
Furthermore, we assume that the scheduling frame is composed
by T,,; = Zp , K, = K time slots, where K|, represents the cardi-

nality of cluster € » that is, K = |?§ ‘ For each time slot, the

RRM selects a cluster of users €, to be scheduled resultlng ina
complex K, x N scheduled channel matrix H =F (H) Where
F(- )represents the RRM scheduling functlon Clearly, H cHh.
Then, the selected beamforming algorithm generates the corre-

sponding complex NxK, beamforming matrix
W, = [w@ w(p) (If), where wk@) represents the NXx1
P

beamformer for the k-th user in the p-th cluster. Given the sched-
uled user unit-variance symbols vector s, = [s;, s,, ...,SKP]T, the

matrix Wp projects it onto the N-dimensional antenna FS, re-
sulting in the generation of a beam for each user direction. The
signal received by the k-th user in the p-th cluster can be ex-
pressed as follows:

s, + thw s; +zk ©

l#k

yf{p) = hk

where g (p) is as a circularly symmetric Gaussian random variable

with zero mean and unit variance representing additive white
Gaussian noise (AWGN). Notice that h, here represents the ac-
tual channel encountered on the k-th link during propagation
and it is, in general, mismatched with flk (and, thus, with wk(p)).
By collecting the signals received by all users within the same
cluster, the resulting K -dimensional vector can be obtained as
follows:

Y, =H,W;s,+2, (10)

The SINR for the k-th user in cluster p can be evaluated as
follows:

SINRY = |

z 11)
1+ 20
i#k

4l

To establish a fair-proportional scheduler, we allocate to each
cluster a number of time slots T, equal to its cardinality, that

is, T, = K. Hence, the per-user achievable capacity for user k in
cluster p can be computed as follows:

C,= B PZ 7plog, (1+ SINRY ) )

Upe®p

with y, denoting the weight for cluster p, which takes into ac-
count T), as follows:

K T
Yp= = 13
P 25:1 K, Tyot 13

In order to obtain the beamforming matrix W, LB-MMSE
beamformer is implemented. The algorithm resorts to the in-
ferred channel matrix ﬁp estimated at time f;,. The resulting
beamforming matrix is computed as follows:

_ NH A o H 3
Wp —Hp (HpHp +aIKp) (14)

where IKp represents the K, X K, identity matrix and « is a regu-

larization factor. Among the values proposed in the literature,
we opted for the one specified in [27], where « = N/P,. It must be
noted that, due to the rapid movement of LEO satellites, the la-
tency At introduces a mismatch between the computed beam-
forming matrix and the actual propagation channel at
transmission time H,,.

2.2 | Power Normalizations

The Frobenius norm of the LB-MMSE beamforming matrix
represents the satellite’s total transmitted power. However,
power normalization techniques must be employed to en-
sure that such value is bounded by on-board power restric-
tions [28]. The two power normalizations considered for this
work are as follows:

o Sum-power constraint (SPC): This power normalization
maintains orthogonality between beamforming matrix
columns and ensures that the total power allotted by the
matrix equals P, without considering per-element power re-
strictions. This effect could lead to some high power ampli-
fiers being driven close to their saturation regime, causing
performance degradation due to the introduction of nonlin-
ear effects.

P totwt

|/ (W, W) (15)

« Maximum power constraint (MPC): This power normal-
ization ensures that the power per feed is upper bounded,
maintaining orthogonality. However, to accomplish this,
the beamforming matrix is uniformly scaled with the most
stringent power constraint, leading to part of the available
on-board power being not utilized.

= (SPC)
Wf —

P totwt

(16)
/N max|[W, W] .
J JJ

WEMPC) —
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3 | User Scheduling Algorithms

This section describes the schedulers that have been evaluated
in this work. Two categories of algorithms can be identified:
graph-based and non-graph-based schedulers.

3.1 | Graph-Based Schedulers

Let € = (7, &) represent an undirected and unweighted graph,
where 7 is the set of vertices and & is the set of edges. A clique
@ in graph @ is a subset of the vertices where every pair of dis-
tinct vertices is adjacent, that is, @ forms a complete subgraph.
In the LEO-based NTN MIMO scenario, the set of vertices 7 is
equivalent to the set of users %, and the edge set is formed using
a dissimilarity measure.

1. CSI-based IMCS (C-IMCS): If CSI is available at schedul-
ing phase and therefore channel vectors h;, can be obtained
according to (8), the channel CoC [7] can be adopted as a
dissimilarity measure, expressed as follows:

b

=— a7
o] v

Lj

where [W];; € [0,1] measures the level of correlation be-
tween the estimated channel vector of users i and j. The
set of edges & of the & graph is then completely determined
by the adjacency matrix A, which entries are defined as

follows:
1,
A=,

where § is a well-designed threshold. If[A];; is equal to 0,
h; and h; are too similar to each other and the correspond-
ing vertices have no edge between them. On the opposite,
if[A];; is equal to 1, h; and h; are considered to be orthog-
onal enough for the corresponding users to be potentially
assigned to the same cluster.

if [W],;<6c

if [W],;>6¢ 18)

2. Distance-based IMCS (D-IMCS): When only users' posi-
tions are known at the scheduling phase, the great circle
distance can be employed as a dissimilarity measure. This
metric can be calculated by using the haversine formula,
which takes into account the users' latitude ¢, and longi-
tude 4, as follows:

b, 21— A
[I'];; = 2rarcsin \/sinz<¢J 5 ¢l> + COS¢h; - COS¢h; - sin2< J > l>
19)

Using the inter-user distance as an inverse proxy for the CoC
(i.e., it is assumed that[¥];; increases as [I'];; decreases), we
define the adjacency matrix A as follows:

1, if [T];>6
0, if [I];<ép (20)

[A]iJ =

where as in C-IMCS, 6, is a well-optimized threshold. If
[A];; is equal to 1, U; and U; are considered to be spatially
separable using LB-MMSE digital beamforming, allowing
them to belong to the same cluster. On the opposite, if [A];;
equals 0, the great circle distance between the pair of users
is too small for the users to be co-scheduled.

Both thresholds establish a limit to the clique size and, conse-
quently, to the number of users that LB-MMSE beamforming in-
side a cluster may efficiently multiplex in the space domain; hence,
their value must be optimized to maximize the system perfor-
mance. A clique @ of a graph ¥ is said to be maximal if it cannot
be extended by including one more adjacent vertex, while a clique
@ 1y 1S said to be maximum if there does not exist any other clique
with more vertices, that is, @, includes the largest possible num-
ber of vertices. Clearly, a maximum clique is also maximal, while
the converse does not hold—Figure 3 illustrates the maximum
clique @, of a graph € made of 10 vertices. Using this concept,
the graph-based user scheduling techniques employ a greedy it-
erative procedure to form the clusters {%, €5, ..., €p}, aiming at
minimizing the number of clusters P. In particular, the two algo-
rithms iteratively search and remove the maximum clique from &,
finding at each step the p-th group of scheduled users € ,. Among
the algorithm that tackle the maximum clique problem, for exam-
ple, [29, 30], we implement at each iteration MaxCliqueDyn [31], a
branch and bound algorithm that employs graph coloring-based
sorting strategies and dynamic bounds to efficiently solve the max-
imum clique problem. MaxCliqueDyn can be considered an exten-
sion of the MCQ algorithm [32] with the inclusion of dynamically
varying bounds. The pseudo-code for both C-IMCS and D-IMCS is
reported in Algorithm 1. As previously reported, the difference be-
tween the two schedulers lies in the computation of the adjacency
matrix A, that is, C-IMCS uses (17) and D-IMCS uses (19).

3.2 | Non-Graph-Based Schedulers

«CSI-based MADOC (C-MADOC): The algorithm presented
in [14] is based on a hybrid scheduling algorithm adopted
from [7]. Originally developed to support satellite-based

o3 02 o1

o9

o7

85

T

&4 10

FIGURE 3 | Example graph with % = {U, ..., U;y}. The maximum
clique @, is highlighted in red.
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Algorithm 1 Iterative maximum clique scheduling algorithm

Algorithm 2 Distance-based MADOC algorithm

Input:

Set of all users to be scheduled U" = {U4, U, ..., Uk}
Adjacency matrix A

Output:

I
oA T R el =)

17:
18:

Y O N> AN

Cluster sets C,
Cluster weights y, forp =1, ... ,P

. Generate graph ¢ (U, &), with vertex set U” and edge set &€, where

{U,‘,Uj} e¢if [A],"I' =1

: Initializep =1

R <U

: while R # g do

Omax = MaxCliqueDyn(GQ)

Cp < Qmax

Ko < Col

forallU; € Q.x do
forallU; € Rdo

E=€-1{U,Up

end for

end for

R < R — Omax

p<p+1

: end while

for p:=1toPdo

Ko

Yo <
end for

3
pe1 Ko

video-on-demand (VOD) applications with GEO satel-
lites, C-MADOC employs the channel CoC computed
from (17) as dissimilarity measure to create spatially
compatible user groups. In particular, a group policy
based on a threshold e, is used to create the so-called
ec-orthogonal user groups; that is, for each user pair
(U;, Uy in the same group, [¥];; < ec holds true. This
ensures that a minimum level of orthogonality between
user channels within each group is maintained. As for
IMCS, the threshold value requires to be optimized. The
algorithm minimizes the number of groups and ensures
fairness so that the achieved data rates are homogeneous
both inter-clusters and intra-cluster.

«Distance-based MADOC (D-MADOC): Instead of evaluat-

ing the spatial compatibility of users based on the channel
CoC, we propose a variant of C-MADOC that considers
the great circle distance matrix as grouping indicator
based on (19). The D-MADOC algorithm only requires
the users’ positions in order to compute their slant ranges
dy and their inter-user distances [I'];;. As illustrated in
Algorithm 2, the procedure first identifies the minimum
number of required clusters. In the original C-MADOC,
the P users with the largest channel vector norm are se-
lected to be the first user of each cluster; instead, we se-
lect the P users with the shortest slant range. In the main
part of the algorithm, for every selected user {v}, the clus-
ter G, is selected such that the inter-user distances be-
tween {v} and all other users belonging to cluster €, are

Input:
Set of all users to be scheduled U" = {U4, U,, ..., Ux}
Total number of feeds N
Vector of users’ slant ranges d = [dy,d», ..., di]
Users’ great circle distance matrix I’

Output:
Cluster sets C,
Cluster weights y, forp=1,...,P

K=V

R «<U

. P=[K/N]

: Initialize C1=Co, = ... =Co =@

: forp:=1toPdo

v =argmind;
Uier

Cp < {v}

R« R —{v}

: end for

. while R # @ do

v =argmind;
Uer

12: § = arg max <min [I‘]VJ->
1zp<P  \Y€Cp

13: if minycc, [T'l,; > ep then

14: Cs < Cufv)

15: else

16: P=P+1

17: Cp « {v}

18: end if

19: R « R —{v}

20: p<p+1

21: end while

22: forp:=1toPdo

23 K, < |G|

24: Yp <

25: end for

VW O N U h W N R

B
» o

3
Tp-1

as high as possible: If all inter-user distances in €, U {v}
are above a certain threshold e, user {v} is added into
cluster ; otherwise, a new cluster is created. Finally,
user {v}is removed from the user set % and the procedure
is repeated until there are no more users to be scheduled.

4 | Simulations and Results

This section presents the outcomes of extensive numerical as-
sessments with parameters specified in Table 2. The analysis
was carried out in the MATLAB environment employing Monte
Carlo simulations. All the simulation parameters are based
on [26, 33]. The key considerations are as follows:

« Standalone LEO satellite (600 km from Earth).
« UPA composed of 32 x 32 feeds.

« User density set to 0.05 users/km?.
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TABLE 2 | Simulation parameters.

Parameter Value
Carrier frequency 20 GHz
System band Ka (400 MHz)
Beamforming space Feed
Receiver type VSAT
Receiver antenna gain 39.7 dBi
Noise figure 1.2dB
Propagation scenario Line of sight (LOS)
System scenario Urban

Total on-board power density, P; g 4 dBW/MHz
Number of tiers 5

User density 0.05 user/km?
Number of feeders N 1024 (32 x 32 UPA)
Monte Carlo iterations 100

—— C-IMCS SPC
C-IMCs MPC

Throughput
2 8

[
T

a4 s
005 01 015

Threshold

025 03

(a) C-IMCS threshold 6.

FIGURE 4 | Threshold optimization for CSI-based schedulers.
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FIGURE5 | Threshold optimization for distance-based schedulers.

« Fixed VSATs.

We initially conduct a heuristic optimization by running exten-
sive simulations to determine the threshold values for the pre-
sented schedulers, aiming at maximizing the average per-user
throughput. For C-IMCS and D-IMCS, the graph thresholds 6.
and 6, control the graph'’s density, affecting the size K|, of the
largest clique at each iteration. Figure 4a demonstrates that the
optimal threshold for C-IMCS, é, is 0.24 and 0.16 with SPC and
MPC, respectively. With C-MADOC, illustrated in Figure 4b,
the threshold e, has optimal values equal to 0.49 for SPC and
0.39 for MPC. We consider both these algorithms as benchmarks
for the evaluation of the distance-based schedulers.

Figure 5a,b reports the optimization curves for the thresholds of
D-IMCS and D-MADOC, respectively. For the newly proposed
schedulers, the D-IMCS threshold 6;, obtains optimal values
of 28.5 and 31 km with SPC-LB-MMSE and MPC-LB-MMSE,
while in D-MADOC, ¢, has optimal values 25 and 28 km. One
can notice that, for both schedulers, the optimal threshold for
MPC-LB-MMSE is larger than the one for SPC-LB-MMSE, an

62 T T T T
60 -
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=
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opposite behavior with respect to the CSI-based schedulers. This
is to be expected, as the CSI-based thresholds are inversely pro-
portional to the degree of dissimilarity (i.e., a higher threshold
value corresponds to higher channel co-linearity), while the
distance-based thresholds are directly proportional to the degree

65 ‘

60

55|

Throughput
4]
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45 + |~e—c-mADOC SPC u 1
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40 - |—#—C-IMCS SPC A 1
C-IMCS MPC

-4-D-IMCS SPC .

- D-IMCS MPC A

35 :
25 30 35 40 45 50 55 60 65

Mean cluster size

FIGURE 6 | Throughput vs. mean cluster size.

of dissimilarity (a higher threshold value corresponds to a larger
distance and, hence, an increased orthogonality). This remark
also justifies the opposite trend of the SPC-LB-MMSE and MPC-
LB-MMSE optimization curves for CSI-based schedulers, where
the performance gap between the two power normalizations in-
creases with the threshold value and for the distance-based algo-
rithms, where an increase in threshold value shrinks such gap.

Figure 6 reports the achievable average throughput as a func-
tion of the mean cluster sizes for each scheduler and power nor-
malization. The plot shows that D-MADOC tends to form better
performing and larger clusters than its CSI-based counterpart,
while C-IMCS is the best performing algorithm (also better than
D-MADOC), slightly superior to its distance-based counterpart.
It can also be noticed that the gap in performance between D-
MADOC and C-MADOC is much larger than between C-IMCS
and D-IMCS.

Table 3 presents a detailed overview of the optimal threshold
values, mean cluster sizes, mean number of clusters, and av-
erage per-user throughput. All results are specified for the
two considered power normalizations. The table shows that
D-MADOC achieves an average per-user throughput of 63.44
and 53.84 Mbps with SPC and MPC power normalization, re-
spectively. This corresponds to a performance increase of 2.84

TABLE 3 | Simulation results.
Parameters Power normalization C-IMCS C-MADOC D-IMCS D-MADOC
Thresholds SPC 0.24 0.49 28.5 25
8¢y €05 Sps €p MPC 0.16 0.39 31 28
SPC 44.37 46.81 46.74 52.07
Mean cluster size
MPC 38.02 39.94 40.55 44.18
Mean number SPC 63.06 59.63 62.66 56.18
of clusters MPC 73.42 70.44 72.39 66.04
Average per-user SPC 63.56 60.60 62.82 63.44
throughput (Mbps) MPC 54.71 51.35 52.72 53.84
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FIGURE 8 | Empirical probability distribution of the cluster size and number of clusters for CSI-based and distance-based schedulers.
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Mbps (4.69%) and 2.49 Mbps (4.85%) with respect to C-MADOC.
However, the distance-based metric is not able to provide simi-
lar gains to the IMCS scheduler, leading to a throughput reduc-
tion of 740 kbps with SPC normalization and 1.99 Mbps with
MPC normalization.

Figure 7a shows the cumulative distribution function (CDF) of
the users’ SINR for each scheduler and power normalization.
Clearly, the implementation of the distance-based scheduling
metric results in an overall lower SINR than what is achieved by
the CSI-based counterpart, regardless of the scheduling approach
and power normalization. However, recalling (12) and (13), the
choice of the scheduler affects the throughput through not only
the SINR but also the size of the created clusters. As reported
in Table 3, the introduction of the distance-based metric consis-
tently results in an increase in the mean cluster size. Hence, the
user throughput requires a dedicated analysis.

Figure 7b reports the CDF of the user throughput. Starting
from the non-graph-based scheduler, D-MADOC shows a per-
formance improvement over C-MADOC, with the MPC-LB-
MMSE beamformer achieving an increase of the median (i.e.,
50th percentile) throughput by 2.56 Mbps with similar fairness.
We report even better improvements when SPC-LB-MMSE is
employed, with a performance gap of 2.97 Mbps. Clearly, the
distance-based metric allows the algorithm to create larger clus-
ters than the CSI-based counterpart, balancing the effect on the
SINR observed in Figure 7a. On the other hand, the D-IMCS
scheduler does not provide clear advantages over C-IMCS. In
particular, with SPC normalization, the curves exhibit similar
behavior, implying that a similar fairness is achieved, but the
median user throughput incurs in a loss of 706 kbps. It is also
interesting to notice that D-MADOC achieves the best through-
put fairness w.r.t. C-MADOC and both graph-based schedulers,
as demonstrated by lower 20 %-ile (D-MADOC 55.73 Mbps vs.
C-IMCS 53.66 Mbps. Clearly, the distance-based metric can re-
sult in noticeable performance improvements, but this does not
hold true for any scheduler it is applied to. Further studies may
be carried on to determine whether such behavior is to be ex-
pected for any graph-based scheduler.

Finally, Figure 8 shows the empirical probability distribution by
means of histograms of the cluster size (Figure 8a) and of the
number of clusters (Figure 8b) for all considered schedulers and
power normalizations. As far as the cluster size is concerned,
MADOC schedulers show a narrower distribution with a peak
in cluster size between 50 and 55 UTs for both C-MADOC and
D-MADOC with SPC, while with MPC, the peak is in the range
40-45 UTs for C-MADOC and 45-50 UTs for D-MADOC, re-
spectively. The graph-based schedulers show instead a more
uniform empirical distribution. This behavior can be justified
by the greedy nature of the IMCS algorithm: At the first iter-
ations, when most of the users have yet to be scheduled, both
C-IMCS and D-IMCS are able to produce larger clusters in size
than MADOC (up to 75 UTs per cluster for SPC and 60 UTs for
MPC); however, as the graph gets more and more pruned, the
sizes of the cliques become smaller. Figure 8b shows the distri-
bution of the number of clusters or equivalently, the number of
time slots; it can be noticed that MADOC in general requires
less time slots to accommodate all users w.r.t. the graph-based
schedulers, with a clear reduction of time slots for D-MADOC

compared to C-MADOC. To summarize, given the performance
results, the mean cluster size, and mean number of time slots
for all techniques, MADOC can better exploit the available re-
sources (less time slots), while IMCS has a better interference
management within each cluster.

5 | Conclusion

In this work, we have provided an analysis and evaluation of
graph- and non-graph-based schedulers for LEO-based NTN
systems operating at Ka-band. We have established the con-
cept of using the users' great circle distance as the basis for
clustering and proposed it to be adopted as a dissimilarity
measure, so that only the users' positions are required instead
of their CSI. Within each cluster, we utilize location-based
minimum mean square error beamforming to accomplish
spatial multiplexing of the co-scheduled users. We have con-
sidered two different methods of power normalization for the
beamforming matrix: sum power constraint and MPC. We
have further conducted an extensive evaluation to identify
the optimized threshold values which maximize the average
per-user throughput for both distance-based schedulers: (a) a
distance-based iterative graph-based scheduler based on the
maximum clique approach and (b) a distance-based variant
of the MADOC algorithm. We have further compared the re-
sults with the CSI-based versions of the graph-based scheduler
and MADOC. The results of our investigation are presented in
terms of per-user throughput and SINR and demonstrate that
the distance-based grouping indicator can be quite effective in
designing user scheduling algorithms.
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