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Abstract: The numbers of beam positions (BPs) and
time slots for beam hopping (BH) dominate the la-
tency of LEO satellite communications. Aiming at
minimizing the number of BPs subject to a predefined
requirement on the radius of BP, a low-complexity
user density-based BP design scheme is proposed,
where the original problem is decomposed into two
subproblems, with the first one to find the sparsest
user and the second one to determine the correspond-
ing best BP. In particular, for the second subproblem,
a user selection and smallest BP radius algorithm is
proposed, where the nearby users are sequentially se-
lected until the constraint of the given BP radius is
no longer satisfied. These two subproblems are iter-
atively solved until all the users are selected. To fur-
ther reduce the BP radius, a duplicated user removal
algorithm is proposed to decrease the number of the
users covered by two or more BPs. Aiming at min-
imizing the number of time slots subject to the no
co-channel interference (CCI) constraint and the traf-
fic demand constraint, a low-complexity CCI-free BH
design scheme is proposed, where the BPs having dif-
ficulty in satisfying the constraints are considered to
be illuminated in priory. Simulation results verify the
effectiveness of the proposed schemes.
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satellite communications

I. INTRODUCTION

With the rapid development of the wireless technol-
ogy, terrestrial communications are becoming impor-
tant and popular. For densely populated areas, the ar-
chitecture of terrestrial communications is almost ma-
ture. However, for some sparsely populated areas,
mountains and oceans, terrestrial communications can
not achieve good signal coverage [1]. To this end, we
look forward to the sixth-generation wireless commu-
nications, which aims to provide ubiquitous coverage
and massive user access with large communication ca-
pacity and strong reliability [2]. As a powerful com-
plement and extension of terrestrial communications,
satellite communications that are capable of provid-
ing a wide coverage, long transmission distance and
flexible networking, is independent of the user envi-
ronment [3]. By introducing multibeam precoding to
the satellites, the energy efficiency of satellite commu-
nications can be further improved [4, 5].

In the multiuser scenarios, low earth orbit (LEO)
satellite constellations are capable of providing full-
time communication services without blind zones, and
therefore play an important role for space-terrestrial
interconnection [6]. Compared with geosynchronous
earth orbit satellites and medium earth orbit satellites,
LEO satellites are superior in several aspects, includ-
ing power loss, propagation delay and launch cost,
which makes them dominant in today’s commercial
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satellite communications [7]. Some new-generation
large-scale LEO satellite constellations have recently
been deployed, represented by SpaceX, OneWeb,
Telesat and Kuiper [8-10].

With the sharp increase of demands on wireless
service, the available resources on satellites become
Beam hopping (BH) as a promising tech-
nology to improve the flexibility in resource alloca-
tion for satellite systems, typically uses some hopping
beams to illuminate different beam positions (BPs) at
different time slots so as to enlarge the whole sig-
nal coverage [11]. By simultaneously illuminating
BPs that are distant from each other but keeping the
other BPs non-illuminated, BH can substantially alle-
viate co-channel interference (CCI) [12]. Moreover,
by optimizing beam illumination pattern of BH, the
available resources can be allocated to match the traf-
fic supply to the traffic demand. Given a fixed BH
period, more time slots can be allocated to BPs with
larger demand and lower capacity through the integer
programming [13]. To further improve the dynamic
adaption and reduce the computational complexity of
BH, fastest queues policy (FQP) and largest queues
policy (LQP) are proposed, where FQP gives priority
to the fast queues and LQP gives priority to the large
queues [12, 14]. Besides, considering the degree of
freedom for the bandwidth, a dynamic beam pattern
and bandwidth allocation scheme based on deep rein-
forcement learning (DRL) is proposed; and then a co-
operative multi-agents DRL framework is presented,
where each agent is only responsible for the illumina-
tion allocation or bandwidth allocation of a beam [15].

The latency that is an important aspect of LEO satel-
lite communications, is mainly determined by the BH
method and the number of BPs. To reduce the num-
ber of BPs, where each BP covers several users, we
can set the radius of BPs variable. Aiming at minimiz-
ing the number of BPs subject to a predefined range
on the radius of BP, a p-center method is presented
in [16], while a heuristic method is proposed in [17] to
maximize the average data rate of satellites as well as
reducing the number of BPs.

The latency is mainly determined by the number of
BPs and the number of time slots for BH. In this pa-
per, we will consider minimizing the number of BPs as
well as minimizing the number of time slots for BH.
The main contribution of this paper is summarized as
follows:

scarce.

e Aiming at minimizing the number of BPs subject
to a predefined requirement on the radius of BP,
a low-complexity user density-based BP design
(LCUD-BPD) scheme is proposed. To reduce the
computational complexity, the original problem
is decomposed into two subproblems, where the
first subproblem is to find the sparsest user and
the second one is to determine the corresponding
best BP. In particular, for the second subproblem,
a user selection and smallest BP radius (USSBR)
algorithm is proposed to determine the best BP,
where the nearby users are sequentially selected
until the constraint of the given BP radius is no
longer satisfied. We iteratively solve these two
subproblems until all the users are selected. To
further reduce the BP radius, a duplicated user re-
moval (DUR) algorithm is proposed to decrease
the number of the users covered by two or more
BPs.

e Aiming at minimizing the number of time slots in
LEO satellite communications subject to the traf-
fic demand constraint and the constraint that there
is no CCI between any two BPs, a low-complexity
CClI-free BH design (LCCF-BHD) scheme is pro-
posed. To reduce the computational complexity,
the BPs that have difficulty in satisfying the con-
straints, are considered to be illuminated in priory
by the LEO satellite in the LCCF-BHD scheme.

The rest of this paper is organized as follows. The
considered system model for satellite communications
is given in Section II. The BP design problem together
with the proposed LCUD-BPD scheme is presented
in Section III. The BH design problem together with
the proposed LCCF-BHD scheme is presented in Sec-
tion IV. Simulation results are provided in Section V.
Finally, Section VI concludes this paper.

The notations used in this paper are defined as fol-
lows. Symbols for matrices (upper case) and vectors
(lower case) are in boldface. (-)*, |-|, |-|l,» C, R,
N and O (-) denote the transpose, absolute value, {o-
norm, set of complex numbers, set of real numbers, set
of positive integers, order of complexity, respectively.
[a]n, [Aln,, [A].n and [A],, ,,, denote the nth entry of
vector a, the nth row of matrix A, the mth column of
matrix A, and the the entry on the nth row and mth
column of matrix A, respectively.
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Figure 1. [llustration of LEO satellite communications.

II. SYSTEM MODEL

We consider downlink satellite communications,
where a LEO satellite is used to serve K randomly dis-
tributed ground users, as shown in Figure 1. The satel-
lite is equipped with a phased antenna array, which
can form a number of spot beams and flexibly change
the beam direction and beamwidth. The users are di-
vided into M BPs based on their geographical loca-
tions, where 1 < M < K. The number of users cov-
ered by the mth BP form = 1,2,..., M is denoted
as N,,, satisfying Ny + Ny + ...+ Ny = K. At the
nth time slot forn = 1,2,..., Ny, the satellite illu-
minates V,, BPs by IV,, beams with N,, < NV, where
Niot 18 the total number of time slots for BH and Vy,
is the maximum number of the hopping beams in each
time slot. The BPs simultaneously illuminated in the
same time slot are illustrated in the same color. For the
users in the mth BP form = 1,2, ..., M, the multi-
cast transmission is adopted [18].

Since the non-line-of-sight (NLOS) channel com-
ponents are usually much weaker than the line-of-
sight (LOS) channel components for satellite com-
munications, we neglect the NLOS channel compo-
nents [17]. The channel vector between the satellite
and the users in the mth BP, for m = 1,2,..., M,
is denoted by h,, € C"m. The kth entry of h,,, for
k=1,2,..., Ny, can be expressed as

)\ 2
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Figure 2. Transmit antenna gain of LEO satellite for 9., =
/90 and ¥y, = 7/30.

where o, ;. and A denote the power attenuation of the
kth user in the mth BP and the wavelength, respec-
tively. The distance between the satellite and this user
is denoted by d,, . The receive antenna gain of this
user is denoted as G}, ;.. Assuming that the hopping
beams are circular, we denote the transmit antenna

gain as Gﬁn’k, which can be expressed as [19]

J1 (Lo I3 (L
,LLm,k? /“”m,k

where J; () and J3(-) denote the Bessel function of the
first kind and the third kind, respectively. According
to the convention, we define

2.07123 sin(6y)
A

= 3
:U’m,k Sln(ﬁm) 9 ( )
where 6, and ,,, denote the off-axis angle of the kth
user and the 3dB-gain beamwidth of the mth BP in
unit of angle, respectively. When 6, = 0, the achieved
maximum transmit antenna gain is

77527.‘.2
gm = 192 9

m

4

where 7 denotes the antenna efficiency. 3 is a constant,
which equals 65 for phased antenna array.

Figure 2 compares the transmit antenna gain of the
satellite for ¥,,, = 7/90 and ¥,,, = 7/30. With larger
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Um, gm is smaller, but more users can be covered by
the same number of BPs.

To ensure the quality of service (QoS) for the users,
we assume that each beam points at the center of each
BP and the users in the same BP are all located in the
mainlobe of the beam [20]. Let » € RM denote a
vector including the radius of the M BPs. The radius
of the mth BP, form = 1,2, ..., M, can be expressed
as

(r],, = S tan (19;) 5)

where S denotes the height of satellite. For each BP,
its channel coefficient is defined to be that between the
satellite and the worst user as [17]

G = min [[Au] - (©6)

The capacity of the LEO satellite communications
for the mth BP, m = 1,2, ..., M, can be written as

2

Ptot}gm’
O, = Biylog, [ 1+ 2tloml ) 7
tot Og2< +UBtoth (N

where Bioi, Pi.ot and o denote the total bandwidth,
the total transmit power and the noise power spectral
density, respectively. To maximize the spectral effi-
ciency, each BP uses the whole bandwidth, while the
total transmit power is uniformly allocated to the /Vy,
hopping beams [16].

III. BEAM POSITION DESIGN

Note that the latency is mainly determined by the num-
ber of BPs and the number of time slots for BH. In this
section, aiming at minimizing the number of BPs, we
will investigate the BP design problem.

3.1 Problem Formulation

To reduce the latency, we aim to minimize the num-
ber of BPs, resulting in large radius of BPs. On one
hand, larger radius of BP is capable of covering more
users. On the other hand, it will lead to the trans-
mit antenna gain of users becoming smaller, which
may cause the QoS of the users to be unsatisfied in
the worst case. Therefore, we aim at minimizing the
number of BPs subject to a predefined requirement on

the radius of BP, where the predefined requirement is
essentially determined by the QoS of the users. We
define X = {1,2,...,K}and M 2 {1,2,...,M}.
Then the BP design problem can be formulated as

i M, (3a)
M

st. Y [X],, =1, VkeK, (8b)
m=1

T|m Z Tmin vm S M7 (SC)

< Tmax, VM € M, (8d)

Wi, = Ukl < [7lm,
vm, k€ {m,k | [X]mr =1}, (8e)

where W € RM*2 and U € R¥*2 denote the two-
dimensional coordinates at the centers of the M BPs
and the two-dimensional coordinates of the K users,
respectively. We assume that the locations of the users
are known to the satellite [17]. For a binary matrix
X € NM*K indicating the relationship between a user
and its covering BP, if the kth user is covered by the
mth BP, [X],,r = 1; otherwise [X],,» = 0. Con-
straint (8b) states that to achieve the full coverage of
users by the LEO satellite, each user must be covered
by at least one BP. Constraint (8c) states that the min-
imum radius of BPs, which is denoted as

AS
min = 0.443°=
T 0.443 D’ 9)

is limited by hardware conditions, including wave-
length ), the height of satellite S and the diameter of
phased antenna array D [21]. Constraint (8d) states
that the maximum radius of BPs, denoted as 7., 1S @
predefined requirement essentially determined by the
QoS of the users. Constraint (8e) states that for each
BP, its radius should be sufficient to cover all users be-
longing to this BP.

3.2 LCUD-BPD Scheme

Once an optimal solution, i.e., an optimal M is obtain
in (8), there may be multiple solutions for », X and
W. In fact, since constraints (8d) and (8e) only give
the upper and lower bounds of the BP radius, multiple
solutions of r could be figured out. But intuitively, we
prefer smaller r, as smaller r leads to larger transmit
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antenna gain and larger SNR of the users.

In the following, the LCUD-BPD scheme will be
proposed to solve (8), where the original BP design
problem is decomposed into two subproblems. The
first subproblem is to find the sparsest user, and the
second one is to determine the corresponding best BP.
For the second subproblem, the USSBR algorithm will
be proposed. These two subproblems will be itera-
tively solved until all the K users are selected. To
further reduce BP radius, the DUR algorithm will be
proposed.

3.2.1 First Subproblem to Find the Sparsest User

The users are randomly distributed in the coverage
area of the LEO satellite. As shown in Figure 3,
K = 50 ground users are randomly distributed, where
the users may be close to or far from each other. There-
fore, we define a distance matrix D € RX*K where
the distance between the ¢th user and the jth user can
be expressed as

[D);,; = ||[U)i: — Ul Vi, j € K. (10)

5

To better describe the distribution of the K users,
we define the user density vector as p € R, which
can be expressed as

K
[k £ [Dli, Yk € K. (11)

i=1

If [p|x is small, the kth user is located in a densely
populated area; otherwise, the kth user is located in
a sparsely populated area. Figure 3 also shows the
normalized user density, where p is normalized by the
maximum of p. The points in dark blue represent the
users in sparsely populated areas, while the points in
light blue represent the users in densely populated ar-
eas.

For different users, the number of candidate BPs is
different. Figure 4 shows the number of candidate BPs
for different users, with the maximum radius rp.x =
100 km. For user k; in a sparsely populated area, there
is only one candidate BP in red solid line that covers
user k; and his nearby users. The BP in blue dashed
line does not satisfy the 7., constraint. For user ko
in a densely populated area, there are four candidate
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Figure 3. Normalized density of users when K = 50.
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Figure 4. Sparsely populated area and densely populated
area with different numbers of candidate BPs.

BPs. For the users in sparsely populated areas, the
number of candidate BPs is small, which means that
they are less likely to be covered by the same BP as
other users. Therefore, the BP design scheme starts
from the sparsest user, which is denoted as ks and can
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Algorithm 1. USSBR algorithm.

Algorithm 2. LCUD-BPD scheme.

Imput: £, U, ryax, Tmin, Ks-

Output: =z, ws, T, L.

1: Initialize z,, ws, J,n and Z via (14), (15), (16) and
(17), respectively.

2: while Z#( do

3:  Obtain [D],, . via (10).

4:  Find a user k via (18) and (19).

5. Update 7, via (20).

6:  Obtain z, w using randomized algorithm.

7 if w<rp. then

8 Update z and wy via (21).

9

. else
10: Update J,,, and Z via (22).
11: Break.
12:  endif

13: end while

be determined by

ks = arg max[p|i, (12)
kel

where £ denotes the set of remaining users during the
total iterative BP design and is initialized to be /C as

L+ K. (13)

3.2.2 Second Subproblem to Determine the Best BP

Once the sparsest user ks is determined, we need to
determine the corresponding best BP.

When designing the mth BP, its center coordinates,
which is denoted as z; € R?, is initialized by

Zg [U]ks,n (14)

where the center coordinates of the mth BP z is set
to be the coordinates of user ks. The radius of the mth
BP, which is denoted as ws, is initialized by

Ws ¢ Tmin- (15)

The set including the user ks and his nearby users
covered by the mth BP, is denoted as 7,,, which is
initialized as

TIm — {ks}- (16)

Inmput: C, U, ryax, "min-
Output: W, r, X, M.
1: Initialize m, W, r and X via (23), and initialize
L via (13).

2: Obtain user density p via (11).

3: while £#0 do

4 m<+ m+ 1.

5:  Obtain the user k¢ via (12).

6:  Obtain zg, ws, Jm, Z via Algorithm 1.

7. Update W, r and L via (24), and update X via
(26).

8: end while

9: M + m.

The set of remaining users during the iterative BP
design, denoted as Z, is initialized to be £ as

T+ L. a7

We compute the distance between the center of the
mth BP and the users in Z via (10). Then we find
the user &, which is most likely to be covered together
with the users in 7, by the mth BP. Therefore, k
should satisfy the following constraints

D, ;> [Pl (18)

In fact, constraint (18) indicates that user k has not
yet been covered by the mth BP. Constraint (19) states
that except for the users that have already been covered
by the mth BP, user k is closest to the center of the mth
BP. Then we update 7,,, by

T = Tm U {k}. (20)

To cover all the users in 7,,, the BP with the
smallest radius is determined by the randomized al-
gorithm [22], where the obtained center coordinates
and the radius of the BP are denoted as z € R? and
w, respectively. If constraint (8d) is satisfied, i.e.,
w < rmax, We update the center coordinates and the
radius of the mth BP to be z and w as

Zg & 2, Wy ¢+ W, 21
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respectively. In this way, the nearby users are sequen-
tially selected until the constraint of the given BP ra-
dius is not satisfied or there are no users to be selected.
If constraint (8d) is not satisfied, we remove user k
from 7, and update 7 by

T — Tm\k, T = T\Tpn, (22)

respectively.

These steps of solving the second subproblem to de-
termine the best BP, named the USSBR algorithm, are
summarized in Algorithm 1. The number of itera-
tions in Algorithm 1 is relevant to user distribution,
the number of users in Z and the maximum radius.

Finally, by integrating the steps to solve the first and
the second subproblems, we propose the LCUD-BPD
scheme, which is summarized in Algorithm 2.

We first initialize the iteration counter, the center co-
ordinates matrix of the M BPs, the radius vector of the
M BPs, and the binary matrix indicating the relation-
ship between a user and its covered BP as

m+— 0, W0, r«0 X+0 (23

respectively.

By obtaining the user kg via (12), we solve the first
subproblem to find the sparsest user. By obtaining
Zs, Wsy Jm, L via Algorithm 1, we solve the second
subproblem to determine the best BP. Then we update
W, r and L as

W « [WT,zS]T, T [rT,wS]T, L+T, (24

respectively. To update X, we first introduce a tempo-
rary zero vector = < 0%, then set

@]y 1, Yk € Tin, (25)
and finally update X by
X« [XT 2T (26)

These two subproblems will be iteratively solved
until all the K users are selected, i.e. £ = (). In fact,
the number of iterations for Algorithm 2 is M.

To further reduce the BP radius, the DUR algorithm
will be proposed in the following.

user
300/ .
> without DUR
O withDUR
E ““- e,
X 200 Rt ’,
K9] s I
X i
S e
K [y
.
A
*
100! ‘0. *
."l- .-l“

-125 -25 75 175
x-axis (km)

Figure 5. [llustration of DUR.

3.2.3 Duplicated User Removal

Since we select the users in order, some users may be
covered by two or more BPs. As shown in Figure 5,
we suppose that the BP illustrated by the red circle is
determined first. Then all the users covered by the red
circle are removed from Z, including user k,. To cover
the remaining users in Z, the BP illustrated by the blue
circle is then determined; but user k&, is covered again.
In fact, user k, can solely be covered by the blue circle,
which can lead to a smaller radius of the red circle.
Therefore, user k, is named as a duplicated user, and
such an operation is called DUR. After DUR, the BP
with a smaller radius is illustrated in a purple circle.

To perform DUR, we first define an iteration counter
t that is initialized as

t+ 1. 27

Then we define a matrix indicating the center coor-
dinates of the M BPs at the tth iteration as W, which
is initialized as

Wt W. (28)

Similarly, we define a radius vector of the M BPs at
the tth iteration as 7, which is initialized as

rt— r. (29)
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The duplicated user k, is determined by
Dk, < [Plis ke & T, Yme M. (30)

By classifying the duplicated user k, to the nearest
BP, the number of duplicated users can be reduced,
where the nearest BP is determined by

m = argmin || [U]y, . — [W]m,;H2- (31)
meM

Note that m is the index of the BP that will cover
the user k, after DUR. Then we update X by

[X]mJC < 0, [X]ﬁ%k < 1, (32)

where m is the index of the BP covering the duplicate
user k. before DUR. For the mth BP, the radius and the
corresponding center coordinates after DUR are deter-
mined by the randomized algorithm, and are denoted
as zy, and wy,, respectively. Then we update W' and
r! by

[Wt]m7: < ZTm, [Tt]m — Wi, (33)
respectively.

We repeat the above steps until the center coordi-
nates of the M BPs obtained in current iteration are
exactly the same as those in the previous iteration, i.e.,
W! = W'l The detailed steps of the proposed
DUR algorithm are summarized in Algorithm 3. Note
that Algorithm 3 needs to be performed based on the
output of Algorithm 2.

3.2.4 Computational Complexity Analysis

It can be observed that Algorithm 2 needs M outer
iterations. During each outer iteration, Algorithm 1
needs at most 75 inner iterations, where 75 is rele-
vant to user distribution, the number of users in Z and
the maximum radius. During each inner iteration, the
computational complexity is no higher than O (K') on
computing the distance between the center of a BP and
the K users. Therefore, the total computational com-
plexity of Algorithm 2 is O(MT>K).

The computational complexity of Algorithm 3 is
O (T3M,K), where T3 and M, denote the number of

Algorithm 3. DUR algorithm.
Imput: C, U, W, r, X, M, "max> Tmin-
Output: W, r, X, M.
1: Initialize t, W and * via (27), (28) and (29), re-
spectively.
while W!+£ W' ! do
Determine k, via (30).
Determine m via (31).
Update X via (32).
Obtain zy;, and w;; using the randomized algo-
rithm.
Update W' and 7! via (33).
t+—t+1.
9: end while
100 W« Wt r« rt,

AL

® 2

iterations and the number of duplicated users, respec-
tively. Since T3 < Tax and M, < M, the com-
putational complexity of Algorithm 3 is much lower
than Algorithm 2. As a result, the total computational
complexity of the LCUD-BPD scheme with DUR in
solving (8) is O (MTQK) .

As a comparison, the computational complex-
ity of the existing p-center method and user
grouping method is O (K?(K —1)/2) [23] and
O(TyK M) [17], respectively, where T, is the num-
ber of iterations. The numerical comparisons for our
proposed scheme and the existing methods will be in-
cluded in Section V.

IV. BEAM HOPPING DESIGN

To further reduce the latency, in this section, aiming at
minimizing the number of time slots for BH, we will
investigate the BH design problem.

4.1 CCI-Free Constraint

In the coverage area of the LEO satellite, some BPs
are adjacent. If these BPs are simultaneously illumi-
nated, CCI would seriously affect the SNR. The BH
allows the adjacent BPs to be illuminated at different
time slot to completely eliminate the CCI, while the
BPs far from each other without any CCI are illumi-
nated within the same time slot.

The CCl-free distance between any two BPs is de-
noted as B € RM*M _[f the distance between the ith
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BP and the jth BP is no smaller than 6 times of the ra-
dius of the jth BP, the CCI from the jth BP is consid-
ered to be completely eliminated for the ith BP [24].
Similarly, if the distance between the ith BP and the
jth BP is no smaller than 6 times of the radius of the
ith BP, the CCI from the 7th BP is considered to be
completely eliminated for the jth BP. Therefore, the
CCl-free distance between the ¢th BP and the jth BP
is determined by

[Bli; = 6max {[r];, [r];}, i # j, Vi,j € M. (34)

The distance between any two BPs, is represented
by a matrix P € RM*M where [P];; denotes the
distance between the center of the ¢th BP and the cen-
ter of the jth BP. Note that P can be obtained by (10)
if we replace the users by the BPs. We define a bi-
nary interference matrix as Q € N™>*M which can be
determined by

[Bli.i

Q)i = {1’ [Pliy < Bl: (35)
v 0, [Pli;>[Bli;

If [Q];; = 1, there is CCI between the ith BP and
the jth BP; otherwise, there is no CCI.

4.2 Problem Formulation

The total traffic demand of the M BPs, denoted as d €
RM | is normally known to the satellite [13]. We define
L as the duration of one time slot. Then we denote the
traffic supply of the M BPs in L as s € RM, whose
mth entry indicating the traffic supply of the mth BP
in L can be expressed as

[8]m = LCy, Ym € M. (36)

The definition of C,, is given in (7). To satisfy the
traffic demand of the M BPs, the numbers of time slots
with illumination are represented by a vector b € N,
with its mth entry defined as

B, = Hﬁﬂ ,Vm e M, 37)

where [-] denotes the ceiling operation. We define
N 2 {1,2,...,N}. Aiming at minimizing the num-

ber of time slots for BH subject to the CCI-free con-
straint and traffic demand constraint, the BH design
problem can be formulated as

min = Niet, (38a)
Ntot

st. Y [N],,=[b,. YmeM, (38b)
n=1
M

> [Nl < Mo, VR €N, (38¢)
m=1

[N, Q[N =0, Vn € N. (38d)

Ln

For the binary matrix N € NM>*Net indicating
the relationship between a BP and its illuminated time
slot, if the mth BP is illuminated at the nth time slot,
[Nm.n = 1; otherwise, [IN],,, , = 0. Constraint (38b)
states that the traffic demand of all A/ BPs must be sat-
isfied. Constraint (38c) provides the maximum num-
ber of hopping beams /N, that can be simultaneously
illuminated. Constraint (38d) states that there is no
CCI between any two BPs.

In the following, we will propose the LCCF-BDH
scheme to solve (38).

4.3 LCCF-BDH Scheme

For the BPs with a large radius in a densely popu-
lated area, the CCl-free constraint is difficult to sat-
isfy, since the number of its partner BPs that can be
simultaneously illuminated without any CCI is small.
However, for the BPs with a small radius in a sparsely
populated area, the CCI-free constraint is much eas-
ier to satisfy, since the number of its partner BPs that
can be simultaneously illuminated without any CCI
is large. Therefore, the BPs with a large radius in a
densely populated area will be considered in priory.
Similarly, the BPs with a large number of time slots
indicated by b needs to be considered in priory.

We denote the selection priority vector as ¢ € NV
with its mth entry expressed as

[C] L [Q] m [b]m

™ 2max(q) 2max(b)’ vmeM, (39

where g € N™ denotes the the number of BPs that can
be simultaneously illuminated without any CCI.
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To start the LCCF-BHD scheme, we define a set in-
cluding the indices of the remaining BPs as F, which
is initialized to be M as

F — M. (40)

Then we define an iteration counter n that is initial-
ized as
n < 0. 40

We define the set including the BPs illuminated at
the nth time slot as P, which is initialized by

P 0. (42)
We initialize N by
N « (. (43)

In the nth time slot, we determine ¢ via (39). The
largest entry in ¢ is considered to be illuminated with
the highest priority. We determine the index of the
largest entry in ¢ by

= : 44
i = argmax [c] (44)

Then we update ¢ by setting its ¢th entry zero as
[¢]; < 0. (45)

If the ith BP cannot satisfy the CCI-free constraint
with any BP in P,,, we will not illuminate this BP and
never consider it in the same time slot; otherwise, i.e.,
Qli; =0,Vj € Py, we update b and P,, by

respectively.

These steps are iteratively performed until the num-
ber of illuminated BPs equals NV, i.e., P = Ny, or all
entries of (39) are zero, i.e., ¢ = 0. After iteratively
processing the BPs in the nth time slot, we update F
by removing the BPs that have been satisfied with the
traffic demand as

F « F\{l]| [b]; = 0}. 47)

Algorithm 4. LCCF-BHD scheme.
Inmput: M, W ,r, q, b, M.
Output: Nigt.
1: Initialize F, n, P, and N via (40), (41), (42) and
(43), respectively.
2: while 7 # () do
3 n<n+1,p+ 0.
4:  Obtain ¢ via (39).
5s: while p < N, or ¢ #0M do
6: Determine ¢ via (44).
7
8
9

Update ¢ by (45).
if [Q]m‘ =0,Vj € P, then
: Update b and P, via (46).
10: p<+p+ 1.
11: end if
12:  end while
13:  Update F via (47) and IN via (49).
14: end while
15: Niot < n.

To update IN with the results from the nth time slot,
we first introduce a temporary zero vector n < 0™,
then set

[n]; + 1,Yi € Py, (48)
and finally update N by
N + [N,n]. (49)

We repeat these steps until the traffic demand con-
straint is satisfied, i.e., F = (). The detailed steps of
the proposed LCCF-BHD scheme are summarized in
Algorithm 4. The output of Algorithm 4 is a solution
to (38).

4.4 Computational Complexity Analysis

It can be observed that Algorithm 4 needs N outer
iterations. During each outer iteration, at most M
inner iterations is needed. During each inner itera-
tion, the computational complexity is no higher than
O(Ny,) on determining whether CClI-free constraint is
satisfied. As a result, the total computational com-
plexity of the LCCF-BHD scheme in solving (38) is
O (Ntot M Ny,). As a comparison, the computational
complexity of the existing CVX method and ICS

method is (’)(Ncme) [13] and O (N;MNy) [14],

38
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Table 1. Simulation parameters.

Symbols Definition Value
S The height of satellite 1000 km
Piot Total transmit power 100 W
Btot Total bandwidth 240 MHz

Ny, Maximum number of hopping beams 4

L Duration of one time slot 2 ms
Tmax Maximum radius of BP 100 km

Tmin Minimum radius of BP 24 km

:n,k' Receive antenna gain 40 dBi

where N¢, bpax 2 maxX,,ca[b]m and Ny denote the
number of all available CCI-free combinations, the
maximum number of time slots with illumination and
the number of iterations of the ICS method, respec-
tively. The numerical comparisons for our proposed
scheme and the existing methods will be included in
Section V.

V. SIMULATION RESULTS

In this section, we evaluate both the performance
and the computational complexity for the LCUD-BPD
scheme and the LCCF-BHD scheme, where the per-
formance metrics include the minimum number of
BPs, the average BP radius and the minimum num-
ber of time slots. A LEO satellite working at 20GHz
Ka band covers an area with the radius of 500km on
the ground [16]. The parameters for the simulation are
provided in Table 1.

5.1 Performance and Complexity Evaluation
for LCUD-BPD Scheme

Now we evaluate both the performance and the com-
putational complexity for the LCUD-BPD scheme.
Figure 6 compares the minimum number of BPs, de-
noted by M in (8a), obtained by the LCUD-BPD
scheme, p-center method [16] and user grouping
method [17], when the number of users increases from
K = 25to K = 200. It is seen that both the
LCUD-BPD scheme and the p-center method perform
much better than the user grouping method. As K
increases, three curves all climb. When we increase
from K = 50 to K = 200, the performance reduction
of the LCUD-BPD scheme over the p-center method

=@ -User grouping method o~
35 ||...9¢=: P-center method
—e— LCUD-BPD scheme Pod

Minimum number of BP M

25 50 75 100 125 150 175 200
Number of users K

Figure 6. Comparison of the minimum number of BPs for
different numbers of users.

40

=@ -User grouping method
35Q =3¢+ P-center method 1
\ —#—LCUD-BPD scheme

Minimum number of BP M

100 150 200 250 300 350 400
Maximum radius 7.y

Figure 7. Comparison of the minimum number of BPs for
different maximum radius.

grows from 4.13% to 7.07%; however, the sacrifice of
the computational complexity is much larger, i.e., the
reduction in computational complexity of the LCUD-
BPD scheme over the p-center method grows from
89.13% to 97.8% according to Section 3.2.4. More-
over, we also compare the running time for the LCUD-
BPD scheme and the p-center method using the same
computer hardware and software. When we set K =
200, the running time for the LCUD-BPD scheme and
the p-center method is 0.0206s and 10.8081s, respec-
tively, which results in 99.8% reduction in computa-
tional complexity of the LCUD-BPD scheme over the
p-center method.

Figure 7 compares the minimum number of BPs, de-
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Figure 8. Comparisons of the average BP radius using
LCUD-BPD with DUR and without DUR.

termined by M in (8a), obtained by the LCUD-BPD
scheme, p-center method and user grouping method
when the number of users is fixed to be K = 150 and
the maximum radius of BPs increases from 7r,,x =
100 to rmax = 400. It is seen that both the LCUD-
BPD scheme and the p-center method perform better
than the user grouping method. As 7.« increases,
three curves all decline and the performance gap in
terms of M between any two curves gets small. Note
that if 7, grows to be 500, which equals the radius
of the coverage area of the LEO satellite, three curves
will all resultin M = 1.

Then we evaluate the performance of the DUR al-
gorithm. Figure 8 compares the average BP radius,
obtained by the LCUD-BPD scheme with DUR algo-
rithm and without DUR algorithm for different num-
bers of users. When we increase K, the average BP ra-
dius grows, indicating that the BP radius can be more
sufficiently used to minimize M. It is seen that with
DUR algorithm, the average BP radius is smaller than
that without DUR algorithm. When we increase from
K = 25to K = 200, the performance improvement
of the LCUD-BPD scheme with DUR algorithm over
that without DUR algorithm grows from 2.97 km to
5.02 km, which verifies the effectiveness of the DUR
algorithm and implies that it works better for larger
K. Figure 9 illustrates the BP design results with the
DUR algorithm if we set K = 50 and 7, = 100.
It is seen that we can get M = 14, where the largest
and smallest radius of the designed BPs are 90.74 km

500 T ; == ==

300] K O .
l' \\
, \
. \
100)- / O OO E

-100|-
-300- O

-500 -300 -100 100 300 500
x-axis (km)

y-axis (km)

Figure 9. lllustration of the BP design results using LCUD-
BPD with DUR for K = 50.

and 24km, respectively, and the average BP radius is
70.81km.

5.2 Performance and Complexity Evaluation
for LCCF-BHD Scheme

Now we evaluate both the performance and the com-
putational complexity of the LCCF-BHD schemes.
Since the performance of the LCUD-BPD scheme and
p-center method is similar while the complexity of the
former is much smaller than the latter, in this subsec-
tion we first use the LCUD-BPD scheme to determine
the minimum number of BPs, including the center co-
ordinates and the radius of these BPs, and then con-
sider the BH design problem in (38). In fact, (38) is an
integer programming problem, which can be solved by
CVX integer programming solution package [25].
Figure 10 compares the minimum number of to-
tal time slots, denoted as Ny in (38a), obtained by
the LCCF-BHD scheme, CVX method [13] and ICS
method [14] for different numbers of users. As shown
in Table 1, the maximum number of the hopping
beams in the same time slot is set to be N, = 4. The
number of time slots with illumination to satisfy the
traffic demand of the mth BP, denoted as [b],,, for
m = 1,2,..., M, is randomly generated from the
integer set {1,2,3}, i.e., bpnax = 3. It is seen that
as K increases, three curves all climb, indicating that
more users needs more time slots to satisfy their traf-
fic demand. Moreover, both the LCCF-BHD scheme
and CVX method perform much better than the ICS
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Figure 10. Comparison of the minimum number of time
slots for LCCF-BHD and the existing methods for different
users.
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Figure 11. Comparison of the minimum number of time
slots for LCCF-BHD and the existing methods for different
maximum number of hopping beams.

method. When we increase from K = 25 to K = 200,
the performance reduction of the LCCF-BHD scheme
over the CVX method grows from 0.06% to 1.02%;
however, the sacrifice of the computational complex-
ity is much larger, i.e., the reduction in computational
of the LCCF-BHD scheme over the CVX method is
99.9% according to Section 4.4. In addition, we also
compare the running time for the LCCF-BHD scheme
and the CVX method using the same computer hard-
ware and software. When setting K = 200, the run-
ning time for the LCCF-BHD scheme and the CVX
method is 0.0138s and 19.8143s, respectively, which
results in 99.9% reduction in computational complex-
ity of the LCCF-BHD scheme over the CVX method.

Figure 11 compares the minimum number of total

time slots, denoted as N, in (38a), obtained by the
LCCF-BHD scheme, CVX method and ICS method
for different maximum number of the hopping beams.
We fix K = 150. It is seen that as [V}, increases, four
curves all decline, indicating that Ny, can be effec-
tively reduced if large IV}, is available. Note that NV},
is essentially determined by the phased antenna ar-
ray. As we increase from N, = 1 to N, = 5, the
curves get flat and converge. The reason is that al-
though larger IV, is available, the CCI-free constraint
restricts the number of BPs that can be simultaneously
illuminated within the same time slot. In this context,
we need to decrease the maximum radius of BP. For
Ny, = 3, if we further decrease the maximum radius
of BP from 7, = 100 to 7. = 80, we can reduce
from Nioy = 24.505 to Nioy = 22.847, which effec-
tively saves the time slots for BH.

VI. CONCLUSION

In this paper, aiming at minimizing the number of BPs
subject to a predefined requirement on the radius of
BP, we have proposed the LCUD-BPD scheme. To
further reduce the BP radius, we have proposed the
DUR algorithm to decrease the number of the users
covered by two or more BPs. Aiming at minimiz-
ing the number of time slots subject to the CCI-free
constraint and the traffic demand constraint, we have
proposed the LCCF-BHD scheme. Simulation results
have shown that the proposed schemes can substan-
tially reduce the complexity with little performance
sacrifice compared to the existing methods. Future re-
search includes developing algorithms for resource al-
location and BH design to shorten the latency as well
as reducing the mismatch between traffic supply and
traffic demand.
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