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Abstract. Micro-satellite ad hoc network has attracted a lot of inter-
est from both the academia and industry, due to its better performance
of earth coverage, data access delay and so on. MAC protocol design
is one of the key and important problems in the micro-satellite ad hoc
network. In this paper, we propose the Multi-Detection based CSMA
protocol for the micro-satellite ad hoc network named as MD-CSMA, in
which each satellite senses the channel by multiple detections. Compared
with the traditional CSMA, the MD-CSMA protocol provides better per-
formance of channel utilization ratio and guarantees the space mission
with high-level priority. First, the related works about MAC protocols
and micro-satellite ad hoc network are reviewed, and we show that the
CSMA protocol better suits the micro-satellite ad hoc network than the
TDMA protocol. Then, we propose the MD-CSMA protocol and its anal-
ysis. Finally, we construct various simulations to verify that the MD-
CSMA protocol has better performance in terms of channel utilization
ratio, mission satisfied ratio, and average latency of data access than the
CSMA/CA protocol and the TDMA protocol.
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1 Introduction

Compared with one single big satellite, the micro-satellite ad hoc network can
not only implement the full function of the single big satellite, but also provide
higher efficiency gain by promoting adaptability, scalability, reconfigurability,
and affordability [1]. Therefore, micro-satellite network has become an efficient
and economical approach to resolve many new space missions, such as navigation,
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communications, remote sensing, and scientific research [2]. The MAC protocol
is an important and key role in the micro-satellite network. In this paper, we
design a multi-detection based CSMA protocol, named MD-CSMA, to improve
the performance of channel utilization, mission satisfied ratio, and data access
latency.

In order to make the best use of micro-satellite ad hoc network and complete
various kinds of space missions. The Medium Access Control (MAC) protocol
should be designed by considering the network and mission features, such as
network topology, micro-satellite number, mission priority [3], and so on.

There has been many MAC protocols proposed for satellite network [4-7].
In [7], the authors proposed the Time Division Multiple Address (TDMA) pro-
tocol for a cluster of micro-satellite, in which time is divided into time slots
and each micro-satellite is allowed to transmit or receive in one time slot. The
Frequency Division Multiple Access (FDMA) protocol for micro-satellite net-
work is analyzed in [8], in which multiple satellites can communicate at the
same time by using different frequencies. However, when the number of micro-
satellites is huge, TDMA will cost a high data access delay, and FDMA will waste
channel resources. The Carrier Sense Multiple Access with Collision Avoidance
(CSMA/CA) protocol is proposed in [9,10], in which transmitting node detects
the channel state by using Request-to-Send (RTS) and Clear-to-Send (CTS)
signals. With the increase of the micro-satellite number, the performance of
CSMA/CA will deteriorate caused by too many collisions. In this paper, we
propose a multi-detection based CSMA protocol to improve the performance
of channel utilization ratio and mission satisfied ratio by multiple collision
detections.

In MD-CSMA protocol, we divide a time slot into multiple mini-time slots,
containing multiple mini-time slots for contention (denoted as contention mini-
time slot) and one mini-time slot for data transmission (denoted as data mini-
time slot). The length of contention mini-time slot is much shorter than the
length of data mini-time slot. In the contention mini-time slot, transmitting
micro-satellites contend for the data mini-time slot. If there is a collision hap-
pened in this contention mini-time slot, each micro-satellite will stop contending
with a retreat probability in order to avoid contention. The retreat probability
relates to the mission priority. The MD-CSMA protocol can increase the channel
utilization by multiple contentions, and guarantee the high-level priority mission
by retreat probability.

The main contributions of the paper are as follows.

— We are the first to propose the MD-CSMA protocol for micro-satellite net-
work. In this protocol, the micro-satellite contends channel in the multiple
contention mini-time slots when it has transmission mission, which increases
the channel utilization ratio by multiple detections.

— We propose the retreat probability, which guarantees the high-level priority
mission. The retreat probability relates to the mission priority, i.e., the lower-
level space mission owns the higher retreat probability. Therefore, the higher-
level space missions are satisfied with higher probability.
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— We construct various simulations to evaluate the efficiency of the MD-CSMA
protocol. Evaluation results show the proposed MD-CSMA protocol outper-
forms the traditional CSMA protocol and the TDMA protocol in terms of
channel utilization ratio, mission satisfied ratio, and data access latency.

The remainder of our paper is organized as follows. In Sect.2, we briefly
review the related work. Then we propose the MD-CSMA protocol in Sect. 3.
In Sect. 4, we propose the theoretical analysis about the MD-CSMA protocol.
We present the evaluation results in Sect.5. Section 6 concludes our work and
propose our future work.

2 Related Work

With the development of Chinese economy and the advancement of One Belt
And One Road policy, the number of space missions experiences a huge explo-
sion. Because of the adaptability, reconfigurability, and affordability, the micro-
satellite ad hoc network has become a promising and economical approach to
resolve the explosion space mission. In [11], the authors reviewed the Project
“F6” of Defense Advanced Research Project Agency (DARPA), which propose
the Distributed Satellite System (DSS).

The MAC protocol plays an important role in the inter-satellite commu-
nication [4]. There has been lots of research on the MAC protocol design for
micro-satellite ad hoc network, which can be generally divided into two cate-
gories: conflict-free protocols and contention based protocols. Some basic proto-
cols of the conflict-free protocols are TDMA (Time Division Multiple Access),
FDMA (Frequency Division Multiple Access), and CDMA (Code Division Mul-
tiple Access). Their common idea is that each satellite use different time slot, or
frequency, or code to transmit, which ensures that collision of data transmission
never occurs. In [6], the authors analyzed multiple contention based protocols,
such as ALOHA, CSMA, BTMA (Busy Tone Multiple Access), ISMA (Idle Sig-
nal Multiple Access), and so on. Their common idea is that satellites contend for
the channel. Due to the scalability of network and the difficulty of synchroniza-
tion, the conflict-free protocol might not be the best option for inter-satellite ad
hoc network. Therefore, we propose a contention based protocol, which adapts
the changes in the network size and network topology.

3 The MD-CSMA Protocol

In this paper, G is used to denote the micro-satellite network. We take micro-
satellite 4 as an example to illustrate the MD-CSMA protocol. We assume that
micro-satellite ¢ has N neighboring micro-satellites. And some of the micro-
satellite ¢’s neighboring micro-satellites request to communicate with the micro-
satellite i, denoted as the requesting micro-satellites.

In the MD-CSMA protocol, a time slot is divided into multiple mini-time
slots, containing multiple contention mini-time slots and one data mini-time
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slot, as shown in Fig. 1. The requesting micro-satellites contend in the contention
mini-time slots, and complete the communication mission in the data mini-time
slot. Figure2 illustrates the framework of the contention mini-time slot. The
contention mini-time slot contains two sub-mini-time slots. In the first sub-mini-
time slot, the transmitting micro-satellites transmit the Request To Send (RTS)
to the micro-satellite i. In the second sub-mini-time slot, micro-satellite i feed-
backs the Clear To Send (CTS) if it receive a RTS successfully.

contention mini-time slots  data mini-time slot

time slot

Fig. 1. A motivation example for movement.

contention mini-time slot

RTS CTS

Fig. 2. The framework of contention mini-time slot.

Figure 3 illustrates the successful reservation and collision. Figure 3(a) illus-
trates the successful reservation between micro-satellite ¢ and one of its neighbor-
ing micro-satellites. More specially, there is only one micro-satellite transmitting
RTS to micro-satellite 7. Once micro-satellite ¢ receives the RTS, it will feedback
the CTS to the transmitting micro-satellite. If the transmitting micro-satellite
receives the CTS, they reserve the data transmission successfully and the other
micro-satellite ¢’s neighboring micro-satellites know this reservation by receiving
this CTS (since this CTS contains the id of micro-satellite ¢ and the id of the
transmitting micro-satellite.). Figure 3(b) illustrates the collision, in which there
are more than one micro-satellite i’s neighboring micro-satellites transmitting
RTS to micro-satellite i. That causes a collision in micro-satellite ¢, and none of
these neighboring micro-satellites can reserve data transmission.

If a requesting micro-satellite wins in the contention mini-time slot, it will
transmit data to micro-satellite 7 in the data mini-time slot. If there is a collision,
in the next contention mini-time slot some transmitting micro-satellites will stop
contending with a retreat probability in order to decrease the probability of
collision.
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Fig. 3. The illustration of contention.

Generally, there are many kinds of space missions with different priority in
the micro-satellite ad hoc network. In order to satisfy the high-level-priority
mission, the high-level priority mission has a lower retreat probability. In our
paper, we assume that there are M levels. The lower-level space mission owns
the higher retreat probability. We define the retreat probability of the m-th level
space mission as

1
P,=1-——. 1
=1 (1)
The length of the contention mini-time slot is much shorter than the length
of data mini-time slot, which increase the channel utilization ratio.

4 Analysis of the Protocol

In this section, we propose the theoretical analysis of the MD-CSMA protocol.
To clarify the presentation, we list the notations used in the analysis here.

— 4: the micro-satellite 7,

— N: the number of micro-satellite i’s neighbors,

— Np: the number of micro-satellite i’s neighbors requesting to communicate
with micro-satellite ¢ at tp-th time slot,

— M: the number of mission kinds,

— m: the level of mission priority, m =1,2,..., M,

— Pm: the retreat probability of the m-th mission,

K: the number of contention mini-time slots.

There are Ny micro-satellites requesting to communicate with micro-satellite
i at to-th time slot, and these Ny will transmit RTS at the first contention
mini-time slot of the tp-th time slot. If there are more than one micro-satellites
transmitting RTS to micro-satellite ¢, there is a collision in micro-satellite i. We
define (1 — Py) as this probability. In order to avoid the collision, these Ny micro-
satellites will stop contending in the second contention mini-time slot with the
corresponding retreat probabilities.
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The retreat probability relates to the level of mission priority. Generally, the
mission with higher priority has lower retreat probability (as shown in Eq.1),
which satisfies that the higher-level mission can win in the contention mini-time
slots with higher probability.

We define P; as the probability of successful conservation at the second mini-
time slot, as shown in Eq. 2.

N
Py=(1-P) Z (1 =pn) - T Pno)- (2)

no#n

(1—Py) is the probability that these Ny > 1 requesting microsatellites lost in the
first contention mini-time slot. (1 — pn) - [, 4, Pn, is the probability that the
micro-satellite n wins in the second contention mini-time slot, where (1 — p,,) is
the probability that micro-satellite n transmitting RTS at the second contention
mini-time slot, (1 — p,,) is the probability that the other micro-satellites stop
transmitting RTS at the second contention mini-time slot. Therefore, there is one
micro-satellite winning in the second contention mini-time slot is P,. Similarly,
we define Py as the probability that there is a micro-satellite winning at the k-th
contention mini-time slot, as shown in Eq. 3.

Po= [ 0=Pcv)- Z (1=pn)- T] Pno)- 3)

1, ,k—1 no#n

[1i... x—1(1—Py—1) is the probability that there is no micro-satellite winning
before the k-th contention mini-time slot. Ni_; is the number of micro-satellites
transmitting RTS at the (k — 1)-th contention mini-time slot, and the micro-
satellite n is one of these Nj_1 micro-satellites. ((1 — pn) - [,,, 2, Pno) is the
probability that the micro-satellite n wins at the k-th contention mini-time slot.

We define P as the probability that there is a micro-satellite winning in K
contention mini-time slots, as shown in Eq. 4.

K

P=P+) P (4)
k=2

P, is the probability that there is a micro-satellite winning in the first contention
mini-time slot. Py is the probability that there is a micro-satellite winning at
the k-th contention mini-time slot.

The number of contention mini-time slots has an influence on the performance
of the MD-CSMA protocol. On one hand, too many contention mini-time slots
will cause waste. On the other hand, if there is not enough contention mini-time
slots, there may be no micro-satellite winning in the K contention mini-time
slots. In Eq. 5, we analyze how to get the minimum number of contention mini-
time slots that guarantees P > Py (P is a given probability.).

mink (5)
st. P> Py (6)
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In Eq.5, P is an increasing function of K. Therefore, we can easily get the
result of Eq. 5.

5 Experimental Evaluation

In this section, we construct various simulations to evaluate our proposed MAC
protocol. In order to illustrate the outperformance of the MD-CSMA proto-
col, we compare our proposed MAC protocol with the TDMA protocol and the
CSMA /CA protocol. In the TDMA protocol, a time slot is divided into N mini-
time slots for the NV neighboring nodes. In the CSMA /CA protocol, each satellite
contend at a random time slot. When there is a collision, they stop contending
for a random period.
The following three metrics are used for evaluating our proposed protocol.

— Channel utilization ratio: the ratio of channel reserved successfully. It refers
to the effective bandwidth utilization

— Mission satisfied ratio: the ratio of space missions being satisfied. It refers to
the efficiency of the MD-CSMA protocol.

— Average latency of data access: the average delay over all the generated
queries, where data access delay is defined as the time elapsed between gen-
eration of query and the reservation.

We construct various simulations in two different scenarios. In the first sim-
ulation scenario, the number of micro-satellites varies from 48 to 288. There are
12 Low Earth Orbits (LEO), each containing 4/5//24 micro-satellites. Micro-
satellite uses directional antenna, and its beam width is 5°. The number of each
micro-satellite’s neighboring micro-satellites varies from 2 to 10. Due to the
mobility of micro-satellites, each micro-satellite cannot meet all of its neighbor-
ing nodes at the same time. In the traditional TDMA, we divide a time slot into
10 mini-time slots. There are 10 levels of mission priority. And the distribution of
mission priority obeys to the Zipf-distribution, i.e., ppission = L /(3> L),
where m is the mission priority level, M is the number of mission priority levels,
s = 1. Each micro-satellite transmits RTS with probability P,,.

Figure 4 shows the performance comparison of channel utilization. With the
increase of micro-satellite number, each micro-satellite has more neighboring
micro-satellites. The X-axle denotes the number of neighboring nodes. The Y-
axle denotes the channel utilization ratio. Figure4 shows that the proposed
MD-CSMA protocol outperforms the CSMA/CA protocol in terms of channel
utilization ratio. When P, is large, the MD-CSMA protocol outperforms the
TDMA protocol. The reason is as follows. The MD-CSMA protocol provides
a better channel utilization ratio than the CSMA/CA protocol by using mul-
tiple contention. Since the time slot structure of the TDMA protocol is fixed,
the MD-CSMA protocol can provide a better performance of channel utilization
ratio.

Figure 5 shows the performance comparison of mission satisfied ratio. Gen-
erally, the MD-CSMA protocol outperforms the CSMA /CA protocol in term of
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Fig. 4. Channel utilization.
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Fig. 5. Mission satisfied ratio.

mission satisfied ratio by multiple contentions. When P,,, = 0.8, the MD-CSMA
protocol outperforms the TDMA protocol in terms of mission satisfied ratio. The
reason is as follows. The MD-CSMA protocol provides a better mission satisfied
ratio than the CSMA /CA protocol by using multiple contention mini-time slots.
Since the time slot structure of the TDMA protocol is fixed, when P, is large,
the MD-CSMA protocol can provide a better performance of mission satisfied
ratio.

Figure 6 shows the performance comparison of data access delay. Generally,
the MD-CSMA protocol outperforms the CSMA/CA protocol in term of data
access delay by using multiple contention mini-time slots. When P, = 0.2, the
MD-CSMA protocol outperforms the TDMA protocol in terms of data access
delay. The reason is as follows. The time slot structure of the TDMA protocol is
fixed, when P, is small the MD-CSMA protocol can satisfied the space mission
with less delay than the TDMA protocol.

In the second simulation scenario, there are 12 Low Earth Orbits (LEO),
each containing 24 micro-satellites. And each micro-satellite has 10 neighboring
micro-satellites. P, (m = 1,2,...,288) is the probability that the micro-satellite
m is a requesting micro-satellite. We various P,, from 0.2 to 0.8.
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Fig. 7. Channel Utilization ratio comparison.

Figure 7 shows the performance comparison of channel utilization ratio. The
MD-CSMA protocol outperforms the CSMA/CA protocol and the TDMA pro-
tocol in term of channel utilization. And the performance improvement is more
significant with a larger requesting probability. The reason is as follows. The
time slot structure of the TDMA protocol is fixed, the requesting micro-satellite
cannot use the time slot of the other micro-satellites (even these micro-satellites
are not requesting micro-satellites). The MD-CSMA protocol makes the best use
of the channel resource by using the multiple contention mini-time slots. There-
fore, the MD-CSMA protocol achieves a better performance of mission satisfied
ratio. We have got the similar comparison results in terms of mission satisfied
ratio and average data access latency.

6 Conclusion and Future Work

In this paper, we propose a new MAC protocol for the micro-satellite ad hoc net-
work, named Multi-Detection Carrier Sense Multiple Access (MD-CSMA), where
the micro-satellites reserve the mission mini-time slot by multiple contention.
When there is a collision, the transmitting micro-satellite stop contending by a
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retreat probability. The retreat probability relates to the mission priority, which
guarantees the space mission of high-level priority. Compared with the TDMA
protocol and the CSMA/CA protocol, our proposed MD-CSMA protocol pro-
vides better performance in terms of channel utilization ratio, mission satisfied
ratio, and data access delay.

In the future, we will research how to set the retreat probability by consider-
ing the game theory, in order to improve the efficiency of contention mini-time
slot.
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