Marquette University

e-Publications@Marquette

Civil and Environmental Engineering Faculty Civil, Construction, and Environmental
Research and Publications Engineering, Department of
11-2021

Collaborative Multi-Resource Allocation in Terrestrial-Satellite
Network Towards 6G

Shu Fu

Jie Gao

Lian Zhao

Follow this and additional works at: https://epublications.marquette.edu/civengin_fac

b Part of the Civil Engineering Commons


https://epublications.marquette.edu/
https://epublications.marquette.edu/civengin_fac
https://epublications.marquette.edu/civengin_fac
https://epublications.marquette.edu/civengin
https://epublications.marquette.edu/civengin
https://epublications.marquette.edu/civengin_fac?utm_source=epublications.marquette.edu%2Fcivengin_fac%2F310&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/252?utm_source=epublications.marquette.edu%2Fcivengin_fac%2F310&utm_medium=PDF&utm_campaign=PDFCoverPages

Marquette University

e-Publications@Marquette

Electrical and Computer Engineering Faculty Research and
Publications/College of Engineering

This paper is NOT THE PUBLISHED VERSION.
Access the published version via the link in the citation below.

IEEE Transactions on Wireless Communications, Vol. 20, No. 11 (November 2021): 7057 - 7071. DOI.
This article is © Institute of Electrical and Electronics Engineers and permission has been granted for
this version to appear in e-Publications@Marquette. Institute of Electrical and Electronics Engineers
does not grant permission for this article to be further copied/distributed or hosted elsewhere without
the express permission from Institute of Electrical and Electronics Engineers.

Collaborative Multi-Resource Allocation in
Terrestrial-Satellite Network Towards 6G

Shu Fu

School of Microelectronics and Communication {Engineering}, Chongging University, Chongging, China
State Key Laboratory of Integrated Services Networks, Xidian University, Xi’an, China

Jie Gao

Marquette University, Milwaukee, WI

Lian Zhao
Ryerson University, Toronto, ON, Canada

Abstract:

Terrestrial-satellite networks (TSNs) are envisioned to play a significant role in the sixth-generation (6G) wireless
networks. In such networks, hot air balloons are useful as they can relay the signals between satellites and
ground stations. Most existing works assume that the hot air balloons are deployed at the same height with the
same minimum elevation angle to the satellites, which may not be practical due to possible route conflict with
airplanes and other flight equipment. In this paper, we consider a TSN containing hot air balloons at different
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heights and with different minimum elevation angles, which creates the challenge of non-uniform available
serving time for the communication between the hot air balloons and the satellites. Jointly considering the
caching, computing, and communication (3C) resource management for both the ground-balloon-satellite links
and inter-satellite laser links, our objective is to maximize the network energy efficiency. Firstly, by proposing a
tapped water-filling algorithm, we schedule the traffic to relay among satellites according to the available
serving time of satellites. Then, we generate a series of configuration matrices, based on which we formulate
the relation between relay time and the power consumption involved in the relay among satellites. Finally, the
collaborative resource allocation problem for TSN is modeled and solved by geometric programming with Taylor
series approximation. Simulation results demonstrate the effectiveness of our proposed scheme.

SECTION I. Introduction

In 6G, terrestrial-satellite networks (TSN) will become the key leverage to explore airspace resources for
communications [1]-[2][3][4]. In such networks, laser based inter-satellite links working at Terahertz frequency
can support high-capacity transmissions among low earth orbit (LEO) satellites [5]. Meanwhile, the large
distance between satellites and ground stations necessitates relays, such as hot air balloons, between the
terrestrial and satellite segments [6]. A TSN integrates caching, computing, and communication (3C), each of
which may consume considerable energy. Therefore, maximizing the energy efficiency performance will be one
of the main design objectives of TSN in 6G [7], [8].

Communications in a TSN involve steps of data traffic collection, transmission, and relay. In a previous work [1],
we studied such a TSN with the above steps but without considering hot air balloons as relays or laser link
among satellites. In practice, a TSN can be very complex due to the following reasons.

Firstly, there can be relays such as hot air balloons between satellites and ground stations. In real-world
environment, the relays may be deployed at different heights due to a variety of reasons, such as avoiding
airplane routes. Additionally, the minimum elevation angle from the hot air balloons to the satellites may not be
identical either. Define the time during which a relay and its serving satellite can communicate as time windows.
Then, the time windows for each relay to communicate to a satellite can be unique. Modeling and studying the
above real-world TSN scenario is challenging and important. However, relays with different heights and
minimum elevation angles are not yet considered in the existing works, to the best of our knowledge.

Secondly, regarding the laser links among the satellites, it is necessary to determine the number of lasers per
satellite as well as develop a proper scheme for scheduling inter-satellite traffic. If the number of lasers per
satellite is large, delay is low, power consumption can be high, and scheduling can be complex. By contrast, if
the number of lasers per satellite is small, power consumption is low, but the delay is large.

Finally, in additional to the energy efficiency of communications between the relays and satellites and among
the satellites, as mentioned above, the communications between ground stations and hot air balloons should be
involved while considering the network energy efficiency. Moreover, the energy consumption of caching and
computing should also be included, in additional to that of communication. This requires a joint allocation of the
3C resources.

Existing works contributed to TSNs from different aspects. In [9], a framework to efficiently deploy customized
service function chains was proposed in terrestrial-satellite hybrid cloud networks, which enables computation
and data traffic off-loading in a TSN. In [10], a genetic algorithm based method was proposed to increase the
coverage of a TSN. In [11], a novel network architecture was proposed to provide seamless and high data-rate
wireless service in a TSN, where the terrestrial and satellite segments are jointly designed. In [12], a dynamic
space-air-ground resource pool was proposed by a software-defined space-air-ground integrated framework to
effectively manage the network in a seamless, efficient, and cost-effective manner. In [13], an unmanned aerial



vehicle (UAV) aided space-air-ground network was proposed to provide seamless coverage and high system
throughput. However, the system models used in most of the existing works considered the case that all hot air
balloons were deployed at an equal height and with the same minimum elevation angle. In [14], a UAV based
relay system was proposed in a non-terrestrial network. In [15], UAV was leveraged to optimize computation
offloading with minimum energy consumption in mobile edge computing.

In terms of the inter-satellite relay links, a routing and wavelength assignment algorithm was proposed to
reduce the system cost of inter-satellite laser communication in [16]. This work focused on the allocation of
optical wavelengths, without considering the optimal number of lasers. In [17], joint wavelength allocation and
routing to decrease the system energy consumption was investigated. In [18], a hybrid satellite-terrestrial relay
framework was proposed for a TSN with multi-antenna satellites, and a user-relay selection method was
developed to minimize system outage probability. However, the relationship between the number of lasers for
inter-satellite relaying and the resulting relay time needs further investigation.

Motivated by the above observations, we aim to maximize the system energy efficiency in a TSN while
considering: 1) hot air balloons as relays between satellites and ground stations at different heights and
minimum elevation angles; 2) the relation between the delay of inter-satellite relay and the number of
configured lasers per satellite; 3) overall energy efficiency considering the 3C in the integrated TSN.

We first model the system, in which hot air balloons hover at different heights with different elevation angles.
The time window between a hot air balloon and a satellite is determined by the minimum elevation angle and
their distance. Thus, the time windows are heterogeneous among satellites due to the different heights of hot
air balloons. For inter-satellite links, as there are multiple source, relay, and target satellites, the amount of
traffic to be relayed among satellites can be represented by a traffic matrix. We propose an algorithm to
determine the traffic matrix from finding multiple sub-traffic-matrices (STMs) in a water-filling

manner [19], [20]. The algorithm guarantees that the relaying happens during the time windows of the involved
source and target satellites. The next step is to relay the data traffic represented by the STMs to the
corresponding target satellites. This step is completed by a well-designed configuration matrices generation
algorithm. We derive the relationship between the relay time and the number of lasers, based on which we can
sufficiently utilize the relay time and reduce the number of lasers used for inter-satellite communications.
Finally, we maximize the system energy efficiency considering constraints including the number of lasers and the
traffic delay, etc. By geometric programming with Taylor series approximation, we derive the optimal
parameters to maximize the system energy efficiency.

Our main contributions can be summarized as follows:

1. we propose an algorithm in a water-filling manner [19], [20] to relay data among satellites. The
proposed algorithm can guarantee that the data is relayed during the time windows of the involved
source and target satellites, thereby avoiding overflow.

2. we propose a configuration matrices generation method to relay data traffic in multiple schedules. We
also derive the optimal number of lasers subject to the available time for relay among satellites, and
achieve a tradeoff between the delay and the required number of lasers for inter-satellite links.

3. we maximize the system energy efficiency considering various real-world constraints, including the
period of a satellite serving a ground station, the transmission power of ground stations, hot air
balloons, and satellites, and the number of lasers at each satellite, etc. The novelty of our system model
is that the hot air balloons hover at different height with different minimum elevation angle. To the best
of our knowledge, this is the first work to address the difference in hovering height and minimum
elevation angle problem of hot air balloons.



The remainder of this paper is organized as follows. Section Il presents the network model. Section Il presents
the problem formulation. Section IV presents the STMs determination. Section V presents the configuration
matrices generation method. Section VI solves the collaborative multi-resource allocation optimization problem.
Numerical results demonstrate the performance gain of the proposed algorithms in Section VII. We conclude the
paper in Section VIII.

Notation: Standard notations are used in this paper. |x| is the number of entries in vector x, and x(y) is
the y —th elementin x, where 1 < y < |x|. [-] and [:] denote rounding up and rounding down operations on a
real number, respectively.

SECTION II. Network Model

In this section, we introduce the network model of the considered TSN by segments, starting from the hot air
balloons.

A. Hot Air Balloons

The considered system model is illustrated in Fig. 1, where S satellites constitute a low earth orbit (LEO) satellite
network. The satellites provide service for S ground stations and each satellite has a dedicated ground station.
Denote the number of satellites by S. We assume that the distance from all the satellites to the ground is the
same, which is denoted by L. All satellites have the same orbital period given by

(L +1g)3
7'[ ———————————
U

TLEO =2

)

(1)

where u = 398,601.58km>/s2 is the Kepler constant, and 1 is the radius of the Earth. One hot air balloon is
hovering above and serving its ground station to play the role of a dedicated relay between its ground station
and the corresponding satellite. Considering the practical wireless and geographical environment, the distance
from the hot air balloons to the ground stations generally differs with each other. We denote the distance from
hot air balloon i (1 < i < §) to its ground station by ;.

Wireless relay among satellites
Terrestrial-Satellite transmission
Cooperative computing among ground stations
“w Satellite
= Hot air balloon
#  Ground station

2 Iy Iy
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Fig. 1. System model.

Due to the orbiting motion of LEO satellites, a hot air balloon can connect with a satellite periodically. The
continuous serving time between the hot air balloon and the satellite in the T'° is called a time window, which
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is determined by the minimal elevation angle from the hot air balloon to the satellite. An air balloon can
exchange data with its satellite only within the corresponding time window.

Specifically, denote the minimal elevation angle from the hot air balloon i to its satellite by 8; and the geocentric
angle of the satellite i by @;. Generally, a hot air balloon at a lower height has a larger minimum elevation to the
satellite due to the thicker atmosphere the larger distance for the wireless transmission between the hot air
balloon and the satellite. Then, it holds that [1]:

g + li
Q; = arccos (L

cos ﬁi) - Bi-

Tg
(2)

The time window of the satellite i denoted by T;, where T; < T'9, is given by

~ Zai
T. = TLEO
g 21
g + [ L+r1g)3
= 2 (arccos( £~ cos ﬁi> - ﬁi> Q
L+rg u

(3)

The ground stations are connected through a wired network to form a cooperative computing resource pool as
shown in Fig. 1. This network has the computing ability to generate and execute the scheme of collaborative
multi-resource allocation to be developed.

B. LEO Satellites

The LEO satellite network considered in this work is shown in Fig. 2. We assume that, when the satellites circle
the earth, they simultaneously arrive at the positions right above their corresponding hot air balloons. This is
due to the identical orbital period T5° for all satellites. As shown in Fig. 2, the time window for each satellite is
equally divided into two parts by the straight line from the ground station to the hot air balloon.



~ -
~e i Prs
~ i ~
s i -~ -
. . H
| T : /
—— e e e e I e . e e RS |
PSIE * P
- : A
H S - .
& H "\\ I - -
- e -«
: : SO . :
: The left - \_3/_ k » The right ;
. part of 2 i rpart  of =
K ¢ K
rrrzrIzITd Fors s
: = T f . '
. . LRI rrrrr s . .

Available time segments for relay among satellites

Fig. 2. LEO satellite model.

Assume that the time windows of the S satellites in a LEO satellite network have T; > T, = -+ = Ts. As shown in
the lower part of Fig. 2, the time windows for satellites are symmetrical with respect to the vertical dashed line
in the center, which denotes the instant when the satellites are right above their ground stations and hot air
balloons. Within the time window of satellite i, the following tasks should be completed: uplink transmission
from the i th hot air balloon to the i th satellite, which takes a time duration of Tl-B; relay for the i th satellite,
which takes a time duration of Tl-Z; and downlink transmission from the i th satellite to the i th hot air balloon,

which takes a time duration of T. As shown in the lower part of Fig. 2, with T; > T, > --- > Tg, we assume
that T > T = - TZ.

As shown in the bottom part of Fig. 2, as there are S satellites and S time windows, the largest time window can
be divided into S time segments. The time segments with sequence numbers {k*,k* + 1, ..., S} are employed for
traffic relay among satellites, where the value of k* can be determined by an iterative manner according to the
system performance. Denote the v th time segment by K,,. Time segment K,,, v € {k*, k* + 1,...,5 — 1}, is
equally divided into two parts, which are symmetrical with respect to the central dashed straight line. In the
sequel, the time length of time segment K, refers to the total length of these two parts, denoted as w,,

For the wireless channel between a satellite and a hot air balloon, as well as that between a hot air balloon and
a ground station, we use the omnidirectional path loss model as in existing works [1], [21]-[22][23]. The path-
loss C (dB) for a link with distance [ is denoted as:

C =9244 + 20 x 10g10 l + 20 x loglof,
(4)

where f is the system operating frequency and equals to 3 GHz in the S-band. The unit of the distance [ is
kilometer (km), and the unit of the frequency f is GHz in the above path loss model. Due to the line of sight
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(LOS) channels between the ground stations and the hot air balloons, and that between the hot air balloons and
the satellites, we consider only path loss in the wireless channel power gain, |H|?, as follows.

C
|H|? = 10710,

(5)

For the LEO satellite network, we use the Starlink project launched by SpaceX as a reference [24]. LEO satellites
use inter-satellite-links (ISLs) to form a satellite backbone network in a lattice grid manner [25]. For the inter-
satellite links, we assume that Terahertz signal [26]-[27][28] or optical signal is employed. Each satellite is
configured with multiple lasers to generate the signals at high frequency, and multiple antennas to transmit and
receive the signals.

Signals working at high frequency are highly directional due to the narrow wave beam. As an instance, in Fig. 3,
the transmitting-receiving antenna pair must be aligned. This feature can lead to the requirement of multiple
schedules to relay data, because of the limited number of lasers and antenna pairs at each satellite. In Fig. 3,
each satellite has a cache for storing the data to be transmitted to other satellites. We call a laser currently
generating a high frequency signal as an active laser, and a laser that is currently not in use as an inactive laser.
In the example shown in Fig. 3, let the maximum number of lasers be 2. Then, at least two schedules are needed
to complete a full traffic relay cycle for this four satellites network. For example at satellite 1, the two lasers can
generate the signals to be transmitted to satellite 2 and satellite 4, respectively. Thus, the data traffic heading to
the satellite 3 will be transmitted in the next schedule.

«* Satellite w» Hot air balloon

0 Active laser @ Inactive laser

[ Scheduled data waffic \ Non scheduled data
for relay traffic for relay
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\( ? Transmitting-receiving antenna pair
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Fig. 3. Relay among satellites.

C. Traffic Relaying Among Satellites

Traffic relaying among satellites is illustrated in Fig. 3. Each data traffic stream is generated by a laser and sent
by a transmitting antenna. The data traffic is relayed among satellites and received by the receiving antenna of
the target satellite. In practice, direct one-hop communication is possible between two satellites with the
distance less than or equal to a pre-determined threshold. If the distance from the source satellite to the target
satellite is larger than the threshold, a relay satellite is required. For instance, in Fig. 3, satellite 3 sends its data
to satellite 1 via path 3 consisting of link 3a and link 3b with satellite 2 as the relay. The inter-satellite data traffic
is represented by a matrix A = {aij}, where a;; is the amount of data from the source satellite i to the target
satellite j. We have a; = 0 because satellite i does not need to send data to itself.
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We assume that the number of schedules of the data is 9J. Denote the average active number of lasers per
satellite by 7, which is bounded by the maximum value of m,,,,. Denote the power to launch a laser by PZ.
Denote the delay of aligning antennas before a scheduled transmission by 8y. The basic energy consumption
including circuit energy consumption, etc., for lasers of the satellites is

EZ = stm(syﬁ.
(6)

The velocity of electromagnetic signal propagation in space is V = 3 X 108 m/s. Define the maximal distance
among all paths of source-target satellites by 2. Then, the overhead involved in data transmission among
satellites is g = Q/V. Prior to a scheduled transmission, overhead § exists, which includes the alignment of
antennas among satellites 8y, and the data transmission time on paths of source-target satellites d5. The total
overhead time, denoted by §, is formulated as:

(S = 6Y + 6R'
(7)

In eq. (7), for simplification, we assume that Jy is the same for each satellite. Since we consider the upper bound
of &z, & can be treated as a constant in each schedule.

In Fig. 3, a pair of transmitting-receiving antennas can act as the relay for data transmission. The average traffic
relay rate can be calculated by Zl-szl Z§=1 al-]-/TkZ*, where Tkz* is the maximum relay time as shown in Fig. 2.
Denote the static power consumption of one laser by Pé W/bps, then, the static energy consumption of lasers is

S S
gh = 2 2 aij/TkZ* X MPES X T-.
i=1 j=1

(8)

Denote the dynamic power consumption of one laser by PlL W/bps, and the capacity of the inter-satellite
channels by C, bps. Then, the dynamic energy consumption of lasers is

ek = €, x mPLS X TE.
(9)

In practice, Pf may depend on the distance between satellites and the signal frequency. In this work, P is
assumed to be a constant for the considered TSN.

SECTION Ill. Problem Formulation

In this section, we present the steps of communications involved in the considered TSN and formulate a network
energy efficiency maximization problem considering constraints on 3C resources.

A. Data Transmission and Relay
A service period in the system consists of 6 steps and is described as follows.

1. Accumulation of data at ground stations. Data is gathered and accumulated at the ground stations for
time T4 before each transmission, with T4 given by

A _ LEO
T =ngXT™",



(10)

where ny = 1 represents the number of circles the satellite orbiting over the Earth in between two
transmissions, and noTLEO is referred to as the serving period of satellites. We denote the maximum value

of ng by N 50 that n,,,, TEC is the maximum tolerable system delay at the ground stations. Denote the
average data arrival rate by 4; and the power consumption for caching data during the accumulation duration
by P4 W/bit. Then, the energy consumption for caching the data at the i th ground station is P41, T4.

2. Calculating the traffic scheduling and routing scheme. After the traffic accumulation, the computing
servers of the ground stations cooperatively calculate the scheme of traffic scheduling and routing with
a pre-determined algorithm. Denote the computing capacity of the cooperative computing pool at the
ground stations by C"B cycles/second (cps) and the computing demand of the data scheduling and
routing in a network with S satellite by nS cycles, where 7 is the average computing load for adding one
satellite in the satellite relay network. The computing delay T ¢ is given by

nS
C _
= CHAB®

(11)

In terms of the energy consumption of the computing resource, we denote the power consumption of the
computing by P¢ W/cps. The corresponding energy consumption of computing £ is

e¢ = P¢ys.
(12)

3. Transmission of data traffic from ground stations to hot air balloons. Let T¢ denote the data
transmission delay from the i th ground station to its serving hot air balloon with transmission
power PL-G. Assume that the transmission bandwidth is B, which is identical for all ground station to hot

air balloon transmissions, and the power spectral density of the Gaussian white noise is % W/Hz. By eq.
_1063+20xlogip l;
(5), the wireless channel power gain is denoted by |HL-G |2 =10 10 . Denote the antenna gain

by Gy, with |HF |2, we can prove that

noTEO%;
G
Byo?1f x 10114 2 BoTi" —1

i GT

(13)

The delay caused by the transmission is t; = [;/V. In order to efficiently utilize the time window of T; for the
inter-satellite relay and the rely between hot air balloons and satellites, we have the following constraint,

l; nS

G C v _ G l

TP+Th+y,= M+ mmty,
< T'EO — T}, Vi.

(14)

Constraint (14) means that the delay in step 2) plus step 3) should be within T't© — T;. Accordingly, the
following three steps should be completed within the corresponding time windows.



4. Data transmission from hot air balloons to satellites. The transmission time of the i th hot air balloon to
the corresponding serving satellite is denoted by TL-B, which should be a portion of the time window of
satellite i. Denote the transmission power of the i th hot air balloon by PL-B. Denote the transmission

bandwidth of a hot air balloon by B;, which is identical for all balloon to satellite transmissions. Denote
106.3+20xl0gqo(L—1;)
the path loss based wireless channel power gain by |H{9|2 =10 10 . Then,

with G and |HZ|?, we can prove that

B,o?(L —1,)% x 101144 | 2 BTP  _q

l GT

(15)
The corresponding transmission delay is t, = (L —[;)/V.

5. Data relaying among satellites. After the data transmission from hot air balloons to satellites, the inter-
satellite relaying is planned in multiple schedules for forwarding data to target satellites.

6. Data transmission from satellites to hot air balloons. After the inter-satellite relaying, the data will be
transmitted from satellites to hot air balloons, which takes a duration of length TL-D, and then forwarded
to the target ground stations to complete a ground station to ground station data communication cycle.
Denote the average data traffic arrival rate at satellite i, as a result of inter-satellite relaying, by y;. It

holds that ¥'3_, A; = ¥'3_, u;. The amount of the data received at satellite i in duration T; is
then ng T ;. Denote the transmission power of sending data from satellite i to its hot air balloon

by PL-D. Denote the bandwidth by B,, which is identical for all satellite to balloon transmissions. The
106.3+20xlogy o (L—1;)
corresponding channel gain is |[H? |2 = 10 10 . Then, with Gy and |HZ|?, we have

LEO,,.
noT " i

B,o?(L — )% x 101144 | 2 BT _q

l GT

(16)
The propagation delay in this stepist; = (L —[;)/V.

Next, the data collected at hot air balloons from satellites will be used for specific objectives such as store-and-
forward for traffic to the corresponding ground stations.

B. Optimization Model

In this sub-section, we focus on formulating the system energy efficiency maximization problem. First, we
illustrate the constraints of data transmission in the aforementioned 6 steps as in Fig. 4. The ordinate in Fig. 4 is
the average power consumption for each step, and the abscissa is the time for each step. The propagation delay
is denoted by t; for step 3, t, for step 4, and t3 for step 6, respectively, as shown in Fig. 4. To avoid data
overflow, T4 in step 1 is the upper bound for each of the next steps. Since T4 > T© as shown in eq. (10), we
have

l, ~
TC + T +VLSTLE0—TL- < T4,



(17)
and

L—1

TE+TP +2x +TZ <T; <TA

(18)

There exists a trade-off between the delay and power consumption in each step, which will be discussed later.

— !f
Power & = F L—1

lp=13= v ! THEO T, T i
] E———— ﬂz@@
17d Step3 P
ﬁ/% I
P %
V777777777, L,

TA = g x TLEO Yre’ TE 1Py TE 1P v Time

Fig. 4. Illustration of the six steps of a communication cycle.

Denote the total energy efficiency from Step 1 to Step 6 by ET%!. Considering the analysis above, 1/ET%! can
be formulated by eq. (19), as shown at the bottom of the next page.

In eq. (19), the denominator is the total amount of the data transmitted in one serving period. The overall
energy consumption, used for caching, computing, wireless transmission (including the lasers), is formulated in
the numerator of eq. (19). As there are many variables, we define a set of all variables in eq. (20), as shown at
the bottom of the next page.

With egs. (19) and (20), the target optimization problem can be formulated as

1
minimize ——
textit ETotal’

s.t.(17)and(18).
(P1)

Generally speaking, the energy consumption of antenna pairs depends on routing paths. The energy
consumption of traffic scheduling for relay among satellites depends on the number of used lasers per satellite.
In this work, we do not include the energy consumption for routing among the satellites in the free space and
the antenna pairs, since this part of energy consumption is relatively small.

SECTION IV. STMs Determination

As aforementioned, data relayed via inter-satellite communications can be represented by a traffic matrix A. To
solve the optimization problem (P1), we first study STMs determination based on different time window lengths
of the satellites. The objective of the STMs determination is allocating the data traffic to different time
segments. The relay scheduled for each time segment must happen within the time windows of the
corresponding source and target satellites. Using the case shown in Fig. 3 for instance, each satellite caches the
data to be relayed to the other three satellites. The different time window lengths of satellite determine the
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different available times for inter-satellite relaying, and the data for relaying indicated by the traffic matrix
should be decomposed into multiple STMs, each for one specific time segment.

As shown in Fig. 5 (a), the time window T; contains TL-B, Tl-D, and relay time Tl-Z. Without loss of generality, we

assume that the length of the time window satisfies T; = T, = --- = Ts. We also assume that the maximum
available time for inter-satellite relaying in Step 5 is within the relay time of the k*th satellite, i.e., TkZ*, which is
formulated as

; ~
a’Tk*, i< k*,

(21)

where 0 < a < 1. By eq. (21), we have TZ = T = --- = TZ due to T# = aTy- for i<kx. When T and T? are
determined, the value of a can be found. As we have assumed, the length of the v th time segment is w,,
Denote the length of the v th time segment by 7, when & = 1. Then, we have w,, = a1, where 7, is a constant
determined by the length of time windows, and a will be optimized later.
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Fig. 5. Traffic segmentation for traffic scheduling.

The data traffic matrix A can be decomposed into S STMs {4, 4,, ..., As}, each representing the data traffic to
be relayed in the corresponding time segment. Since only the time segments with the sequence

numbers {k*,k* + 1, ..., S} are employed for traffic relay, {A;, A5, ..., Ay+_1} are all-zero matrices, i.e., A =
v,
the amount of data traffic transmitted from the ith satellite to the jth satellite during time segment K,,. In the
rest of this Section, we will solve the STMs generation problem.

leAl- = Zf:k*Al-. The element of the i th row and the j th column of 4, is denoted by a;;, which represents

A. Geometric-Water-Filling Algorithm

The objective of the STMs determination to different time segments with various length is to guarantee that the
relay time is within the time windows of the corresponding source and destination satellites and to achieve data
load balancing. Water-filling is well-known for deriving the optimal solutions for power allocation

problems [19] as well as load balancing problems [20]. In the following, we introduce the geometric-water-filling
(GWF) algorithm. More details can be found in [19], [20].
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As shown in Fig. 6, we assume a water tank with k uneven bottom steps. The width of the steps is denoted by
vector W and height by vector H, representing the time segments width and already allocated data traffic
density (i.e., data traffic per unit time), respectively. The total volume of water, D, represents the total amount
of data for distribution. The dashed horizontal line represents the formed water surface. The optimal
distribution of these data amount is depicted by the water-filling algorithm. The solution returns a vector, X, the
height of the distributed water above the steps, denoting the added traffic density for the corresponding time
segment. In Fig. 6, the 4th step height h, is higher than the water surface, the solution of x, is then zero.

w3 T3 4
__________________________________ N

hg

1

Fig. 6. Illustration of GWF algorithm.

We can represent the geometric water-filling function as
X = GWF(k,W,H, D).
(22)

The data amount scheduled for the ith time segment is w;x;. The total data amount satisfies D = Zﬁ‘zl w;x;. The
detailed solution approach can be referred in [19], [20]. Without loss of focus, we shall directly apply eq. (22) as
a functional block to solve the STMs for satellites traffic relay.

B. Tapped Geometric-Water-Filling Based STMs Determination

In this subsection, we present the proposed algorithm for STMs determination. During the time window for

the k*th satellite, we have a series of time segments, denoted as K+, ---, K with width wy, -, ws respectively.
Data of the total traffic matrix A is allocated to STMs, A+, :-+, Ag, one for each time segment. We propose
tapped geometric-water-filling (T-GWF) algorithm as described in Algorithm 1 to generate the STMs.

Algorithm 1 T-GWF Based STMs Determination Algorithm

Initialization and Input:

Initialization: k*: the index of the widest time window being used for relay; A: traffic matrix (S X S); 4,:
zero matrices (S X S), v =k*,-+,S (STMs); W = [0, -, Wy, ===, W]: width of the time segment;

H = zeros(1: S); Dioral = Yoy Z§=1 agj;

Djocated = 0;n=1.

for(m=S:—1:k") do

ifm > k* then

D, = A(m,1:m);

D = A(1:m,m);

D = Z:r:ll(Drow(i) + Dcol(i));
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Dallocated < Dallocated + D;

else

D = Diotal = Daliocated:

Dmatrix = A(l: k*, 1: k*),

end if

X = GWF(n,W(m:S),H(m:S), D);
H(m:S) « Hm:S) + X;

nen+1;

for (v =m:S) do

n=W() X()/D;

ifm > k* then

A,(m,1:m) « A,(m,1:m) + ﬁ “Dows
A,(1:m,m) « A,(1:m,m) + ﬁ -Deop;
else

A, (L:k* 1 k™) « Ay(L:k* 1:k%) + 1 Do
end if

end for

end for

Return: 4, k* <v < S.

In the initialization stage of Algorithm 1, we set all STMs as all-zero matrices. The elements of the time segment
width vector W are set to O for time segments K; to Kj+_; and the corresponding true width for time
segments K+ to K. Doty and Dyjiocateq represent the total data amount and the allocated amount, respectively.

In Line 1, a “For” loop is used, running from the Ksth time segment to the Kj«th time segment. Before the K:th
time segment, we start from time segment K, where the Sth row and the Sth column of the traffic matrix 4 is
stored in D,,,, and D, respectively in Lines 3 and 4. The total amount of data for the allocation in this round is
denoted by D as shown in Line 5.

In Line 11, the GWF algorithm is applied to conduct data traffic allocation. The notation W(m:S) denotes a
vector consisting of the mth element to the Sth element of vector W. We design a mechanism recursively
updating the STMs through GWF operation. We model that the time segments are separated by a series of taps,
shown as the vertical arrowed dashed-lines in Fig.7. Starting from n = 1, when GWF works for the KSth
segment, and all the taps are in their closed positions. Then when n = 2, the right most tap is removed and the
data traffic can be distributed in time segments Ks_; to Ks. For all the time segments involved in the traffic
allocation, the newly allocated traffic is frozen and added on the top of the current step height to update the
step height for the next round GWF calculation. The taps are lifted one by one from right to left, until the last
tap for the time segment K, «. We refer to the proposed Algorithm 1 as T-GWF algorithm for this nature.
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Fig. 7. lllustration of T-GWF algorithm.

In Line 12 of Algorithm 1, the step height is updated. In the following “For” loop, Before the Kj«th time segment,

the STMs are updated with the scaled mth row and mth column of the traffic matrix A. The scale factorﬁ is the
ratio of the allocated traffic for a specific participating time segment to the total allocated traffic.

The last step of the outer “For” loop is to allocate data when m = k*, i.e., for the time segment. The data traffic
for allocation is a sub-matrix of A, consisting of its first row to the k*th row, and from the first column to

the k*th column, as listed in Line 9. In the inner “For” loop, the STMs are updated in Line 20. Different with Lines
17 and 18, where each update is carried for a row and a column respectively, each update is adding a scaled sub-
matrix.

The proposed T-GWF have two great advantages. The first one is to distribute the data traffic among
participating time segments to guarantee the relay being in the time windows of the involved source and
destination satellites and to achieve load balance. GWF can efficiently solve this problem. The second advantage
is the structure of the water-filling solution facilitating the STMs update.

Water-filling structured solution by T-GWF also reveals that the obtained water level for each time segment
represents the corresponding data rate, or equivalently, data traffic density. For time segment K« to Ks, the
water level is non-decreasing. This reflects that satellites relaying data traffic is not uniform across the time
segments, but tends to be more intense towards the central point of the time windows. This is reasonable since
the closer to the central point, the more data traffic uploaded from the air balloons is available.

SECTION V. Configuration Matrices Generation

After the STMs determination, the data traffic represented by the STM A,,, with the dimension of § X §, is
relayed in the time segment of at,,. Define a set of configuration matrices with the dimension of S X S so that
each row and each column for a configuration matrix has at most one ‘1’, respectively. The rest of the elements
for the configuration matrix are all zeroes. The time for transmitting one bit of data, i.e., the inverse of the data
transmission rate, is ¢p seconds, where ¢ = 1/C,. Assume that when ny = 1, each configuration matrix has a
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coefficient ¢,,, which denotes the number of ¢ to relay the data traffic in the configuration matrix. Then,
when ny = 1, each configuration matrix generated from the STM A4, has a coefficient ny¢,,. For simplicity, we
assume that ¢, is the same for each configuration matrix.

To determine the required number of active lasers per satellite, i.e., m,,, we assume that ®,, configuration
matrices are firstly generated for 4,,. If the ®,, configuration matrices are implemented by satellites with one
laser per satellite, the delay is by ®,ny¢,¢ + ®,,6. Then, when m,, lasers are configured for each satellite, the
satellites can simultaneously relay data traffic according to m,, configuration matrices, which can be formulated
as

1
— (D, ne0,P + ©,6) < ar,.
m,

(23)

In practice, m,, should be small to reduce the power consumption and the hardware cost of the satellites. We
can have

P (nopop +8) =
mv no§0v¢ - arv-

(24)

From eq. (24), a smaller @, leads to a larger ¢,,. This is because that a smaller ®,, increases ineffective
occupation time of the transmitting-receiving antenna pairs after the data traffic has been relayed in a
configuration matrix. On the other hand, ®,, should be no less than S to cover all the elements in A4,,.

When ny = 1, we denote the maximum summation of the elements in either a row or a column of 4, by 4,,.
Then, when ny = 1, the maximum summation of the elements in either a row or a column of 4, isny X 4,. We
propose Theorem 1 as follows.

Theorem 1

Define ¢, as follows, with a unit of bits:
noAy,
®, -5’

Oy = o, > S.

(25)

Then, A4, can be covered by at most @,, configuration matrices. The corresponding time delay for
transmitting ¢,, bits of data is ¢, ¢.

Proof:
See Appendix A.
Considering Theorem 1, in eq. (24), we have

nopA,

¢V_S+5SCZT,,,CD,,>S.

(26)



This guarantees the feasibility of the configuration matrices generation.

By egs. (24) and (25), we can further derive that

0] ngPpA
—”x<ﬂ‘;+5>,¢v>s.

(27)
In practice, mv can be rounded up to an integer, i.e., m = [m,].

To maximize the energy efficiency of the active lasers, we define the average number of active lasers m as

AYpmie MpTy A Xy MyTy,

S - TZ
v=k*

S ~

nypA

D, X | 22
v=k*

m=

= Tz , P, > S.
(28)
By eq. (6), €Z can be re-formulated by
(©,) nopAy
Z=pZ—|———+35|S5y.
£ TZ \®, -5 Y

(29)

By egs. (8) and (9), the static energy consumption 5(’; and dynamic energy consumption s{“ can be formulated
in egs. (30) and (31), respectively, as follows:

~ nopA
nO(Zle 2_19_21 aij)POLSTk 15;=k q)v <®?}¢_§.+5>

(T)?

S N
nypA

L copfsz o, (0P | 5)
Z “\@, -5

™
Il

™
RN
Il

(30)(31)

In Fig. 8, using a LEO satellite network with 4 satellites, we demonstrate an example of the configuration
matrices generation for a specific time segment v with the sub-traffic-matrix 4,,. We assume that C, =
4x10%bps, 6§ =25, ar, = 1000s,and @, = 7. Then, ¢ = 1/C, = 0.25 x 1077 s/bit, i.e., it

takes 0.25 X 10~? seconds for relaying 1 bit of data among satellites. By Theorem 1, we can find that ¢, =

6 x 10° bits. This suggests that the transmission delay is ¢,¢p = 1.5 s for a schedule. Furthermore, m,, can be
calculated by eq. (27) and rounded up to an integer, which gives m,, = 1.
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Fig. 8. An example showing the configuration matrices generation.

A, is decomposed into ®,, configuration matrices, each of which has a coefficient ¢,,. The specific elementsin a
configuration matrix are determined by the traffic scheduling, which in turn depends on the data traffic routing
among satellites and the number of transmitting-receiving antenna pairs, etc. We show an example of traffic
scheduling for the @,, configuration matrices in Fig. 8. Since m,, = 1, each satellite can transmit at most one
data stream at any given time. Thus, it takes 7 schedules for completing the relay among satellites. For the third
configuration matrix, satellite 1 transmits to satellite 4, while satellite 2 transmits to satellite 3, using satellite 1
and satellite 4 as relays. In our future work, we will discuss the data traffic scheduling in each configuration
matrix and the corresponding routing schemes for relay among satellites.

SECTION VI. Collaborative Multi-Resource Allocation

In this section, we present the approximation and transformation to solve the original optimization problem
of (P1).

A. Optimization With Taylor Approximation for Collaborative Multi-Resource Allocation
By the expansion of the problem (P1) with egs. (10) to (13), (15), (16), (21) and (29) to (31) as well as the
constraints of 1 < ng < ny,,, and m < my,,,, optimization problem (P1) can be transformed into problem (P2),
as shown at the bottom of the page.

Let &, = ®,, — S. For a variable x, by Taylor series, we have e* = Z::i xt/t!, which leads to
+00
t
2% = eXIn2 — 1 4 (xIn2)
z e
t=1
(32)

Then, optimization problem (P2) can be further transformed into problem (P3), which is a standard geometric
programming problem solvable by CVX [29].

In (P3), as shown at the bottom of the page,

tmax IS @ positive integer that denotes the maximum number of terms used in the Taylor series. We

propose Algorithm 2 to solve problem (P3). In Algorithm 2, .., is determined in an iterative manner until the
values of all optimization variables converge. It is difficult to determine the optimal value of k*, especially when
the number of time segments is large. In Algorithm 2, the value of k* is determined heuristically, and its value
stops updating when the system energy efficiency does not increase further as k™ increases.
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Algorithm 2 Algorithm for Solving Optimization Problem (P3)

Initialization and Input:

{Bo,B1,B,}; {1;}; 0% V; {A}; {ui}; S; Sy; P; PZ; T'O; Initialize t,,,, = 0 and ET°® = 0; Initialize k* =
1; Initialize E = 0.
for(k*=1,k*<S,k*++)do

Implement Algorithm 1 to determine {4,};

while (E™% has not converged) or (t,,. = 0) do
tmax T 1- Lmaxs

Let &, = O, — S;

Solve the geometric programming problem (P3) with t,,,, and k™.
Calculate {m,} by eq. (27);

Let d, = &, + S, Vv;

Calculate m by eq. (28);

Calculate E™® by eq. (19).

end while

if (ET°% > E) then

ETotaI N E';

kK*+1-k%;

else

break;

end if

end for

Return: o,

SECTION VIIl. Numerical Results

A. Simulations

Table | gives the general simulation parameters. The noise temperature is assumed to be 260 K. We consider
satellites deployed at the height of 550 km above the Earth, same as the setting used in the Starlink LEO
network. This leads to a maximum routing distance () being equal to half of the orbit circumference, i.e., Q =
(L + 15) = (550 + 6371) ~ 2.17 X 10* km. Then, the maximum delay of data routing among

satellites 8y is 6 = Q/V = 7.25 X 1072 s.



TABLE | Simulation Parameters

Parameter | Value Parameter | Value Parameter | Value Parameter | Value
gmax 10 S 5 L 550 km Gr 101_3(15 dB)
4 3 x 108m/s n 100 cycles/bit CHAB 102 cycles/second Co 107 bps
B, 108 Hz B, 108 Hz B, 108 Hz pA 10719 W/bit
p¢ 107% W/cps pt 10715 W/bps Pt 10715 W/bps Pz 1073 W/laser
Q 2.17 x 10* km 5y 1 second Nmax 20 Mmax 50




The hot air balloon with the minimum height is deployed at [,,;, = 20 km, and the one with the maximum height
at [« = 75 km above the earth. The height of the remaining S — 2 hot air balloons is evenly distributed
between [, and l,,,c. The hot air balloon at lower height generally has a larger minimum elevation to the
satellite. We set the minimum elevation, for the hot air balloon at the maximum and the minimum height to the
Earth, to f™" = 5° and ™ = 45°, respectively. The minimum elevation of the other S — 2 hot air balloons is
evenly distributed between ™" and £, The traffic matrix 4 is randomly generated, where the diagonal
elements are 0, and the other entries of A are random and uniformly distributed over [0, 8 ] bits. Unless
otherwise specified, we assume that & = 10* bits.

Since the system model that we consider is new, there is no existing algorithm that considers the same network
model and scenario for comparison. To evaluate the performance of our proposed scheme, we name the
scheme using both Algorithm 1 and Algorithm 2 as scheme 1. Let scheme 2 be the semi-fixed method

using Algorithm 1 and Algorithm 2 with @ = 0.5 and k* = 1. Let scheme 3 be the semi-fixed method

using Algorithm 1 and Algorithm 2 with ny = 1 and k* = 1. Then, the performance of scheme 1 is compared
with those of scheme 2 and scheme 3.

In Fig. 9, the performance of the three schemes versus the maximum value of ny, i.e., 1.y, is illustrated. In Fig.
9(a), as n,, increases, the energy efficiency of the schemes 1 and 2 firstly increases due to the increased
throughput and relatively small energy consumption. As n,,, further increases, the energy efficiency gradually
saturates because of the ever-increasing energy consumption. Scheme 3 has a fixed energy efficiency
performance because its ny remains 1, which means the resulting energy efficiency is independent on 1. As
shown in the figure, our proposed scheme 1 outperforms the other schemes in terms of energy efficiency. The
gap is much smaller between the performance of schemes 1 and 2 than between the performance of schemes 1
and 3. This suggests that more frequent transmission in a terrestrial-satellite network cannot guarantee a larger
energy efficiency, because the large power consumption only supports a limited amount of data traffic
corresponding to a relatively small n,,,. In Fig. 9(b), the required n, increases for both schemes 1 and 2. This is
because when the amount of data is relatively small, an increasing n, leads to a larger amount of data traffic,
which enables higher energy efficiency. From Fig. 9(c), we can verify that the required m increases for schemes 1
and 2 to meet the relay requirement among satellites due to the increasing amount of data traffic.

As n,, further increases, m remains constant for schemes 1 and 2, because the amount of data traffic does not
change. In Fig. 9(d), a for scheme 1 gradually decreases, because the increasing amount of data traffic requires a
longer time interval to transmit between satellites and hot air balloons.
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In Fig. 10, the performance of the three schemes versus the number of satellites S is illustrated. In Fig. 10(a),

as S increases, the energy efficiency performance of schemes 1 and 2 monotonously decreases. This is because a
larger S results in a larger power consumption dominating the performance of energy efficiency in wireless
transmission and the lasers for relay. For scheme 3, as S increases, the energy efficiency firstly increases because
the increasing amount of data traffic brought by the increased satellites. As S further increases, the energy



efficiency of the schemes 1 and 3 gradually merges. This is because, as S increases, the optimal ng is 1 to
decrease the energy consumption of lasers and wireless transmission. This can be verified in Fig. 10(b), in which
the required ny approaches 1 for all the schemes as S increases. In Fig. 10(b), the ny for scheme 1 is larger than
that of scheme 2 when n,,, < 25. This suggests that scheme 1 can support a larger amount of data traffic due
to the optimal resource allocation. In Fig. 10(c), as S further increases, m also increases due to the increasing
amount of data traffic. The optimal m for scheme 2 is larger than those of schemes 1 and 3. This is caused by the
smaller a for scheme 2, which can be verified in Fig. 10(d). In Fig. 10(d), as S increases, the required a for both
the scheme 1 and scheme 3 gradually increases, because the increased power consumption by lasers for relay
among satellites. As S further increases, the required a of schemes 1 and 3 gradually approaches to each other
and does not change. This is because that ny approaches 1 for both schemes. Then, the performance of scheme
1 becomes the same with that of scheme 3.
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In Fig. 11, we illustrate the energy efficiency versus 8, the maximum amount of data to relay between arbitrary
two satellites, and B,,,ax, the maximum minimal elevation angle, respectively. In Fig. 11(a), as 8 increases, the
energy efficiency firstly increases for all the schemes. This is because a larger 6 can increase the data traffic
amount to improve the energy efficiency. As 0 further increases, the energy efficiency arrives the peak and then
gradually falls for all three schemes, because the high power consumption used for communications. In Fig.
11(b), as Bmax increases, the energy efficiency of schemes 1 and 2 monotonously decreases. This is because a
larger Bmax leads to a smaller time windows between hot air balloons and satellites. Accordingly, a shorter relay
time among satellites causes higher power consumption of relay by lasers and reduced energy efficiency. For the
scheme 3, the energy efficiency remains constant, because a smaller ny will not cause higher power
consumption by lasers when f,,,.« is not very large.
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B. Discussions

We have studied a relatively complex system model in this work, including: 1) different hovering heights of the
hot air balloons with different minimum elevation angle from hot air balloons to the satellites; 2) the caching,
computing, and communication power consumption in this integrated system; 3) different lengths of time
windows and the corresponding STMs determination for relay among satellites; 4) the configuration matrix
generation to form multiple configuration matrices corresponding to the schedules; 5) an integrated
optimization of the variables to maximize the overall system energy efficiency.

Two directions can be considered for future works, which can advance the research in terrestrial-satellite
networks.

Firstly, joint traffic scheduling and routing scheme is of interest. As illustrated in Fig. 8, the joint traffic
scheduling and routing can be considered to determine the elements in a specific configuration matrix. The
elements in configuration matrices will determine the number of the active lasers and affect the number of
transmitting-receiving antenna pairs. Additionally, the routing scheme of traffic relay among satellites also
affects the performance of the total routing distance and the number of transmitting-receiving antenna pairs in
use at each satellite.

Secondly, in this work, we assume that the time windows are overlapping and symmetrical with respective to a
central line, as shown in the lower part of Fig. 2. The central line represents the assumption that the satellites
will simultaneously arrive right above their corresponding hot air balloons. For a large satellite network, such
assumption might be strong. Instead, as shown on the left-hand side of Fig. 12, the starting point of the time
windows for the satellites may differ with each other, leading to asymmetric time windows as shown on the
right-hand side of Fig. 12. In the figure, when the satellite k is right above its hot air balloon, the time window of
satellite j just starts, and the time window of satellite i is yet to start. In this scenario, the STM determination
needs further investigation.
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Fig. 12. A more complex relationship among time windows.

Lastly, applications, such as content provision [30], can be studied based on our proposed framework for TSN.

SECTION VIII. Conclusion

In this work, we studied the energy efficiency performance of TSN while jointly considering the caching,
computing, and communication resources. We considered a practical scenario, in which different hot air
balloons can be deployed at different heights with different minimum elevation angles. To effectively utilize the
time windows between satellites and hot air balloons, we investigated STM determination according to the
length of the time windows, through which we achieved balanced load for relaying and guaranteed that relaying
happens within the time windows of the corresponding source and target satellites. We also proposed a
configuration matrix generation algorithm to obtain the optimal number of lasers per satellite under the
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constraint of the available relay time. Then, we solved the collaborative multi-resource allocation problem to
optimize the transmission power, the serving period of satellites, and the required number of lasers per
satellites at the relays for the maximum system energy efficiency. Simulation results verified the effectiveness of
our proposed scheme, and potential future directions were discussed.
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Appendix Proof of Theorem 1

Proof:

~ s ~ S
. . . . . . z : v v
since the maximum line summation of 4, is ny4,, i.e., ng X < _ 1aij> < nyd, and ng X < E _ 1aij> <
1= Jj=

no;lv. Define Q = {q;;} and R = {r;;}, Let

A, =% o+R
v, —S Q+R
(33)
where
S S
S ng X z a’;
noajj ° ( i=1 "’ )
qij = ~—|= =
i=1 noAv nOAv
_—lo, -5 d,—-S
oA
< 0y | _ ®, S,
nyA,
d,—-S
(34)

S
andz qijstbv—S.
j=1

Hence, the maximum line summation of 4,, is ®,, — S. According to graph theory [31], the corresponding
bipartite graph of Q has the maximum endpoint degree ®,, — S. Then, Q can be decomposed into ®,, —

S configuration matrices with the coefficient of 1 for each. Moreover, by eq. (33), we have r;; < noAv/CD,, - S.

This suggests that R can be covered by at most S configuration matrices with the coefficient of nOAU/CD,, — S for
each. Then, 4, can be covered by at most ®,, configuration matrices, each of which the coefficient of ¢, =

noAy/ (@, — S).
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