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Abstract. Low latency is an important index in LEO satellite communication
systems, while the satellite capacity “application-assignment” scheme based on
the DVB-RCS2 standard in the return channel causes a long round-trip delay. To
improving the quality of experience (QoE), in this paper, a more aggressive capac-
ity pre-assignment scheme combining traffic prediction and free capacity assign-
ment (FCA) is proposed. The network control center (NCC) predicts traffic for
every return channel satellite terminal (RCST) and assigns capacities in advance
without capacity requests. Several FCA strategies based on multi-frequency time
division multiple accesses (MF-TDMA) in the physical layer are analyzed as a
compensatory capacity assignment method to deal with the inaccuracy of traffic
prediction. Simulation results show that the proposed FCA strategies have better
performance than existing FCA strategies.
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1 Introduction

As a part of the upcoming sixth-generation (6G) mobile communication network, the
low earth orbit (LEO) satellite communication network will play an important role in
the future for providing global coverage [1]. According to the 6G white paper [2], 6G
will focus on the quality of experience (QoE), which has higher requirements in latency.
However, satellite communication has inherent inferiority in latency, even it is the LEO
satellite system. Generally speaking, the transmission delay in packet-based networks
including access delay, propagation delay, and processing delay. The processing delay is
relative to the processing performance and congestion control, which accounts for a tiny
minority of the whole transmission delay when the traffic load is low. The propagation
delay in LEO satellite communication systems is shortened by routing optimization in
the inter-satellite link (ISL) [3]. In this paper, the access delay is what we are interested
in.
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The second-generation digital video broadcasting return channel via satellite (DVB-
RCS) protocol [4] defines the medium access scheme for the return channel (uplink chan-
nel) via satellite adopts a multi-frequency time division multiple access (MF-TDMA)
approach. As shown in Fig. 1, the return channel satellite terminals (RCSTs) need to
apply to the network control center (NCC) for capacity. The NCC periodically processes
all the capacity requests (CR) received from RCSTs and runs the dynamic capacity allo-
cation (DCA) algorithm to form a terminal burst time plan (TBTP) which is broadcasted
to all the RCSTs through forwarding link. The RCSTs receive the TBTP and transmit sig-
nal in the specified time—frequency interval according to the TBTP. This round-trip delay
may up to hundreds of milliseconds in LEO satellite communication systems depend
on the distance between the RCST and the NCC. One of the problems caused by the
round-trip delay is the mismatch between capacity requests and capacity assignments.
Capacity assignments always lag behind capacity requests by a round-trip time (RTT).
To tackle with the latency, the traffic prediction is used in the DBA for DVB-RCS2
systems [5]. The traffic prediction methods can be roughly divided into two categories:
one is relying on proper statistical traffic modeling [6, 7] and the other is using a time
series prediction model including ARIMA [8, 9], LSTM [10], BPNN [11], and so on.

LEO Satellite

RCST

Fig. 1. The return channel via LEO satellites for capacity requests

However, the traffic prediction is inevitably inaccurate, especially when the traffic
is relatively random, there will be a large deviation between the predicted traffic and
the real traffic. A compensatory capacity assignment must be carried to satisfy the real
capacity requests. The DVB-RCS2 standard provides five CR types including continuous
rate assignment (CRA), rate-based dynamic capacity (RBDC), volume-based dynamic
capacity (VBDC), absolute volume-based dynamic capacity (AVBDC) and free capacity
assignment (FCA). Noticing that the FCA is not a true CR and it is trying to allocate
the unused capacity to RCSTs. It seems that the FCA can be the compensatory capacity
assignment method that assigns additional capacities on the basis of predicted capacity
requests to RCSTs to satisfy the real capacity requests. As far as we know, there is no
research on combining the traffic prediction and the FCA in the MF-TDMA structure,
even the research on the strategy of FCA is rare.
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The traffic prediction for DVB-RCS systems mentioned previously is generally car-
ried out by the RCSTs and still need to send CR to the NCC. In this paper, based on the
demand assigned multiple access (DAMA) protocol in the link layer and MF-TDMA
structure in the physical layer, we propose a more aggressive capacity pre-assignment
scheme for low latency in the LEO satellite communication system. The traffic prediction
is implemented by the NCC and doesn’t need the RCSTs’ CR. Several FCA strategies
are introduced to satisfy different performance requirements.

The rest of this paper is organized as follows: Sect. 2 introduces the FARIMA model
for network traffic simulation and the ARIMA model for traffic prediction. In Sect. 3,
several FCA strategies are analyzed from different points of view. Section 4 presents
and analyzes the simulation results. Section 5 concludes the paper.

2 Traffic Prediction

2.1 Self-similar Traffic Model

The LEO satellite communication network provides Internet access services. It has been
proved that the network traffic is self-similar [12] which has the nature of long-range
dependence (LRD). That is to say, when the traffic flow is measured in a large range of
time scales, the traffic flow will show self-similar characteristics. The common models
for simulating the network traffic including the ON/OFF model [13], FARIMA model
[14], FBM model [15], and so on. In fact, in our scheme, the traffic prediction operates in
ashort range of time scales. Therefore, the traffic model is required to describe both long-
range and short-range dependence (SRD) simultaneously. The FARIMA model has better
performance in that aspect, hence, we adopt the FARIMA model for its applicability in
our simulations to simulate the network traffic. The FARIMA model generates self-
similar traffic by driving an ARMA (p, g) process by a fractionally differenced noise
FARIMA (0, d, 0), where d is a fractal coefficient and 0 < d < 0.5. The details of the
FARIMA model can refer to [ 14]. The steps to generate a FARIMA (p, d, ¢) by definition
are as follows:

Step 1: Generating a white noise sequence &; with zero mean and variance equal to
o’

Step 2: Choosing an approximate value of d and doing fractional differencing on &,
we obtain fractional noise ;. The fractional differencing filter’s unit impulse response

1S
h(n) = (—1)"(_") (1)
n

where

2)

n

<_d>_ r'(1—d) _—d(=d—1)---(=d —n+1)
ST+ DIl —d—n) n!

Step 3: Determining the approximate (p, q) combination and driving the ARMA
(p, @) by the fractional noise w;. Finally, we obtain a FARIMA (p, d, q) series X; which
can simulate the self-similar traffic.
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2.2 Traffic Prediction Model

The traffic prediction in our scheme is implemented on the NCC side. The NCC can
record the traffic volume from each RCST over a period of time. Therefore, the only
information the NCC needs to predict traffic is the previous traffic volume and the
traffic prediction belongs to the time series prediction. As mentioned before, the time
series prediction model including ARIMA, LSTM, BPNN, and so on. In the scheme
we proposed, there are two points we have to note. Firstly, the traffic prediction method
should be simple with less computation. The NCC needs to predict traffic for every
RCST which leads to a huge computational burden for the NCC. Secondly, even though
the network traffic has the LRD, the SRD affects the traffic prediction result much more
because of the traffic prediction operates in a short range of time scales. Therefore we
adopt the classical ARIMA model for the traffic prediction. Many papers preprocess the
traffic before the ARIMA model to predict traffic for more accuracy. Such as Han and
Li et al. combine wavelet transform and ARIMA [8, 9], Huang et al. combine ARIMA
and artificial neural network (ANN) to deal with the linear part of the historical load
data by ARIMA and the nonlinear part of historical load data by ANN [16]. Under the
computing power allows, the more prediction accuracy the better. But in this paper, we
just use the ARIMA model as long as the model extracts enough information from the
traffic time series, and the residual error between real data and predicted data obeys
normal distribution which means there is little information that can be extracted from
the residual error.

We obtained the real network traffic which is the daily traces at the transit link of
WIDE to the upstream ISP (Internet Service Provider) from the MAWI Working Group
of the WIDE Project [17]. The real traffic packets are counted every 100 ms and it is
assumed that all the packets are identical without loss of generality. Figure 2 shows the
200 points of real traffic time series prediction result by the ARIMA method. We can
see that the real traffic has strong randomness that the traffic prediction is not enough
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Fig. 2. The real traffic time series prediction result by the ARIMA method
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to satisfy the traffic demand. Figure 3 shows the normal distribution fitting of residual
error about 1000 points of real traffic time series prediction results. The residual error
basically accords with zero mean normal distribution which is a benefit for the analysis
of FCA strategies introduced in the next section.
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Fig. 3. The normal distribution fitting of residual errors

3 FCA Strategies

After the NCC predicted traffic for the RCSTs, the DCA algorithm calculates the capacity
satisfying the predicted traffic demand for each RCST. More concretely, the capacity
in the MF-TDMA approach is the timeslot. When there are timeslots remain unused,
the unused timeslots can be appropriately assigned to each RCST. Assuming that the
capacity assign cycle is a superframe period, for example, 265 ms. Let T}, denotes
the total timeslots in a superframe. N7 denotes the number of RCSTs. R; denotes the
average number of packets that the i th RCST can transmit per timeslot depends on
channel conditions, where 1 < i < Nr. C; and C?k denote the real and predicted number

NT C*
of packets respectively that the i th RCST will transmit, where Z "_ < Tior. 02 denotes

the variance of the residual error of the traffic prediction for the i th RCST and the
corresponding residual error distribution is

20

~

1
i = 3
8i() \/Eo*,-e ©)

where ¢ = C; — C}. The FCA strategy assigns the unused timeslots into N RCSTs,
represented as X = {x1 s X2, ooy XNp }
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3.1 The Strategy of Fairness

A fair FCA strategy is assigning the unused timeslots to the RCSTs to make every RCST
has an equal expected satisfaction rate E[R;]. The satisfaction rate for the ith RCST is
defined as

R — 0, x;iR; + C;: < C; @
1, xiRi + C > C;
Letx = C; — C} we have
. XiR;
E[R'v] = / gi(x)dx &)
—0oQ
Let E[R(] = E[R’s], we have
it X (6)
a; aj
The X is subjected to
Nt *
Z = = T (7)
i=1
Combining (6) and (7) we have
Nt Cc* oj
=T =Y L | 8
Xi tot Zl: Rj Nr o ®)
AP 7

3.2 The Strategy of Minimizing Wasted Timeslots

When the assigned timeslots are far more than the RCSTs require, redundant timeslots
are wasted. The more redundant timeslots for some RCSTs, the more likely the assigned
timeslots are unsatisfied with other RCSTs. Hence, reducing wasted timeslots is equal
to increasing the satisfaction rate. We hope the wasted timeslots to be minimized.

The timeslots waste function is constructed as

Nr cr G
W(X) = +—L — =0 9
X) ;max{x,+Ri R } )]

The expected value W (X) is

Nt Xi
ool =3 [ - nicods (10)
i=1v "%
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where f;(x) = gi(xR;). The problem of minimizing wasted timeslots can be modeled as

Nt Xi
opt. n}(in Z /;oo (x; — x)fi(x)dx
i=! (1)

Obviously, this problem can be solved by convex optimization method, and the
Lagrange function of problem (11) is

Nr . Nr
Xi C*
U(X: 1) =Z/ (Xi—x)ﬁ(X)der)\(Tzoz—ZFf —xi) (12)
i=177% i=1

Let the partial derivative of U (X; 1) being zero, we obtain

/xj fix)dx —A =0

T =30 %~ xi=0
i=1 !
Combining (13) and f;(x) = g;(xR;) we have
Nt i
R.
X = | Tior — L= 14
jgl R; | Nr o
~ R;
j=1

Noticing that the result of minimizing expected wasted timeslots is the same as the
result of an equal expected satisfaction rate.

3.3 The Strategy of Maximizing Throughput

The throughput for the ith RCST is min{x;R;, C;}. We construct the throughput function
as

Nr
MX) =Y min{C} + xiR;. C} (15)
i=1
The expected value M (X)) is
Nr Xi +oo
EM(X)]=Y_ [ / XRifi (x)dx + / xiRif i (x)dx + C;k] (16)

j=1 =Y 7
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The problem of maximizing throughput can be modeled as

Nt Xi +0o0
opt. m)?x Z |:/ XRfi (x)dx + / x;RL-fi(x)aix}
i=1 —0o0 Xi
Nt *
s.t. Z F’i +xi = Ty 17)

i=1

It also can be proved that (17) is a convex problem, and the Lagrange function of
problem (17) is

Nr X 400 Nr C*
V(X;u) = Z |:/ XRifi (x)dx + / x,-Rifi(x)dx] 4+ u| Tor — Z Fl — X
i=1 -7 Xi i=1 "
(18)
Let the partial derivative of V (X; u) being zero, we obtain
+00
R; fix)ydx —u=20
Xi
M o (19)
Tior —Zfl —x;=0
i=1 !
Combining (19) and f; (x) = g;(xR;) we have
Xi = Ffl (1 — 1%,)
Nr 1 ; Nt C* (20)
Fa(i-g)-ne- £

i=1

where F;~ 1(-) is the inverse function of F;(-) and F;(-) is the cumulative distribution
function of f;(-).

4 Performance Evaluations

The FCA strategies analyzed in Section III can be integrated into two categories. For
simplicity, in this paper, the strategies of fairness and minimizing wasted timeslots are
abbreviated as FCA-F, and the strategy of maximizing throughput is abbreviated as FCA-
MT. For comparison, another two FCA strategies used in the Combined Free/Demand
Assignment Multiple Access (CFDAMA) protocol which is a TDMA based access
scheme are introduced. In CFDAMA protocols, after demand assignment, the unused
timeslots can be assigned to all the ground terminals in round-robin fashion [18] or
weighted free assignment fashion [19]. We abbreviate the round-robin fashion FCA
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as FCA-RR and the weighted free assignment fashion FCA as FCA-WFA. To simulate
various network traffics, we generate different FARIMA (p, d, g) sequences plus different
traffic mean values Cj, to represent the packets sequences the RCSTs transmit. The
simulation parameters are shown in Table 1. In the simulations below, we adopt the time
average substitute for statistical expectation. The average traffic load is defined as the
mean value of timeslots that the RCSTs request and the average traffic load divides total
timeslots per superframe T3,, for normalization.

Table 1.

Parameter Value

Network traffic parameter

White noise sequence variance o2 | 50-500

Fractal coefficient d 0-0.5

ARMA parameter p 0.6-0.9

ARMA parameter (q1, q2) (0.3-0.5,0.1-0.3)
Traffic mean value Cj, 500-5000
Satellite system parameter

RCSTs number Ny 10, 30, 80
Superframe period 265 ms

Total timeslots per superframe Ty, | 848

Packets transmitted per timeslot R; | 40-80

Figure 4 compared the expected satisfaction rate of four FCA strategies with the
RCSTs number is 10. The min SR and max SR denote the minimum and maximum
average satisfaction rate in 10 RCSTs, respectively. The smaller difference between max
SR and min SR, the fairer. As we can see, in terms of fairness, the two FCA strategies
we proposed significantly better than the FCA-RR and the FCA-WFA. The FCA-F is
the fairest that almost all the RCSTs have the same expected satisfaction rate.

Figure 5 compared the throughput of three FCA strategies with the RCSTs number
is 10. As analyzed before, the FCA-MT has maximum throughput compare to the other
three FCA strategies. In terms of throughput, the FCA-MT > FCA-F > FCA-WFA >
FCA-RR.
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Fig. 4. Fairness comparison between three FCA strategies
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Fig. 5. Throughput comparison between four FCA strategies

Another interesting data is the influence of the number of RCSTs. Figure 6 compared
the throughput uses the FCA-MT when the number of RCSTs is 10, 30, and 80. As the
number of RCSTs increases, the throughput is descending with the same traffic load.
Therefore, to obtain a higher satisfaction rate and throughput, the free capacity must be
sufficient and the number of RCSTs should be limited, which means that the scheme we
proposed is more suitable for non-high-load scenarios.
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Fig. 6. Throughput comparison between different RCSTs numbers

Conclusion

In this paper, a novel capacity pre-assignment scheme combines traffic prediction and
FCA is proposed. We adopt the FARIMA model for network traffic simulation and the
ARIMA model for traffic prediction. Several FCA strategies are analyzed to appropri-
ately assign unused timeslots based on MF-TDMA in the physical layer. Simulations
show that our scheme can achieve a high expected satisfaction rate in non-high-load
scenarios, but the throughput is limited in high-load scenarios. In our future work, the
traffic will be further classified to make the traffic prediction more accurate which makes
our scheme available for high-load scenarios.
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