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Abstract. Satellite communication networks would become one of the most prevalent 
communication system for the increasing demand for high-speed multimedia services and the 
underutilization of scarce satellite spectral resource. Considering resource optimization under 
multi-priority services and various link states in satellite networks, an optimal solution is sought and 
analyzed and a hierarchical resource allocation algorithm is proposed to minimize the energy 
consumption of the satellite links for given Quality of Service (QoS) requirements. In the hierarchical 
architecture, we propose a big root pile algorithm (BRPA) to select optimal slot collection, then a 
filling-water algorithm is utilized to allocate power resource among the chosen links. Numerical 
results validate the performance enhancement of the proposed scheme. 

Introduction 

Multi-frequency time division multiple access (MF-TDMA) is a multi-access scheme based on 
time and frequency division, which has been widely used in the satellite communication system [1, 3]. 
For such a communication system, radio resource allocation is the core process of the 
ground-air-space integration [4]. Towards this direction, many interest of standardization groups and 
researchers has been focused on the extension of radio resource allocation and basic system models 
incorporating the wireless resource allocation have been presented in [5, 8]. These researches 
involves in power allocation, slot allocation and bandwidth allocation, as well as joint allocation 
strategy [9, 10].  

However, these researches are mostly base on the ideal conditions. So fair resource allocation 
schemes for the satellite network should be investigated considering the realistic characteristics of 
both link-state and the different requirements of various kind of services. As shown in figure. 1, the 
different service requirements and link states are considered and a novel hierarchical slot and power 
allocation approach for the satellite networks is proposed. To consider the energy consumption of the 
satellite nodes, the conception of energy saving is employed [11], whereas a gain factor based on 
different priorities and link states are guaranteed through a specific network control center (NCC). 
Furthermore, in order to study a more realistic scenario, both the different service levels and link 
states are investigated. The performance of the proposed mechanism is evaluated through numerical 
simulation analysis. 

System Model 
In this section, we consider a hierarchical satellite networks architecture, where a network control 

center is introduced to control the process of the resource allocation. NCC is aware of the channel 
signal information (CSI) of each link and service level of each terminal through a spectrum manager. 
By collaborating with the satellite network [12], it involves in the allocation of slot and power. In 
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MF-TDMA, satellite bandwidth available is divided into M subcarriers, which share the same 
bandwidth and are available for the K terminals (M<K). While time is divided into different slots. In 
addition, it is assumed that terminals are capable to select optimal slots, but no more than one at a 
time. Therefore, each time slot allocated to a single terminal is contiguous in time with the same 
bandwidth. 
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Fig. 1 Hierarchical access model 

For guaranteeing the requirements of specific QoS, two functional levels have been considered: 
multi-priority services and different link states. The objective of the NCC is to minimize the energy of 
the satellite node, regardless of the cost between NCC and terminals as well as the satellite. 

Problem Formulation and Optimality Conditions 

Problem Formulation.  
From Shannon capacity formula for Gaussian channel [13], the achievable data rate of  of each 

terminal can be defined as B . Therefore, the energy saving model can be formulated 
as (P1): 

                                                                                                                             (1) 
S. t.                                                                                                                                 (2) 

                                                                                                                                         (3) 
                                                                                                                                (4) 

                                                                             (5) 
Where  is the transmission time,  is the power allocation for every terminal,  is the 

capacity of a service,  is the utilization rate of the power and extra energy consumption caused by 
handover is mainly considered, the goal function is energy consumption. 
    Optimality Conditions.  

To ensure that different service priorities, we employ the concept of gain factor , which is 
defined as the maximum terminal gain that the channel can sustain for multi-priority services and 
different link states. In our analysis, the gain factor can be expressed analytically as: 

                                                                                                                                   (6) 
Where  is the link transmission gain and is assumed flat during each transmission 

time interval,  is the different service levels,  is the antenna gain of the satellite node. 
Considering each BW is the same, we take the problem of how to choose M terminals from K 
terminals (M<K) into account. For simplicity, the time is divided into different slots. We define each 
access-state collection as , so the system has total s (s= K!) states. 
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After calculating every gain factor using (1), the NCC chooses optimal access-state collection 
whose top K terminals will be selected to access the satellite network. Assuming the optimal 
access-state collection as . 

 
Selecting top K terminals, the final slot collection is . 

 
Compared to the one for power and time allocation in orthogonal frequency division multiple 

access (OFDM) system, our formulation add an additional parameter . Further, our system considers 
an optimal operation of gain factor, analyzes the multi-priority services and different link states, and 
proposes an efficient method to decide the optimal slot collections, which is unprecedented by any 
work. 

The Proposed Hierarchical Allocation Algorithm 
Note that the objective function in (1) is concave with respect to { , p}, where a local maximum 

is also the global minimum [14]. What is more, the slot collection  effects the optimization of the 
power resource. According to the proposed hierarchical allocation algorithm, the optimal slot 
collection S is selected via BRPA, then the power will be allocated according to the optimal slot 
collection. 

Big Root Pile Algorithm.  
A big root pile is a complete binary tree whose root is bigger than both left sub-tree and right 

sub-tree. When a new service coming or an old service completed, the NCC will select new slot 
collection based on a dynamic big root pile. Assuming that a node represents a unique service, the 
BRPA process is: 

1. Calculate  using (1). 
2. Create a complete binary tree. 
3. Adjust the binary tree into a big root pile. 
4. If new service coming, go to 5  

Else, go to 6. 
5. Select the root node and put the last leaf node on the root. 
6. Add the node to the last leaf node.  
7. If a service is over, go to 8. 

Else go back to 3. 
8. Broadcast the slot collection to all the terminals. 

Compared to direct plot selection, BRPA saves the last comparision result, thus having a higher 
efficiency. 

Table 1 Time Complexity comparing 
Slot selection Average Best Worst Auxiliary Space 

Direct Selection O(n2) O(n) O(n2) O(1) 
BRPA O(n ) O(n ) O(n ) O(1) 

Power Allocation.  
According to the first step, the optimal slot collection  is selected. That is to say, M terminals are 

selected to access the M subcarriers. Once a slot selected, it will never be free until the service is over, 
so the value of  is 1.Then the problem (P2) can be simplified: 

                                                                                                                            (7) 
S. t.                                                                                                                                  (8) 

                                                                                                                                          (9) 
For the optimal solution of problem P2, the Lagrange can be obtained as below. 
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                                                             (10)  

                                                                                                             (11)                                                                                                        
Where shadow price  is nonnegative Lagrange multiplier. By taking derivatives with respect to 

 respectively, we can have the K-T conditions as, Assuming =  

                                                                                               (12) 
Using (11) and (12), the relation between power and  can be obtained 

                                                                                                              (13) 
Where (x) +=max {x.0}. For the optimal value of  , the well-known filling-water algorithm can 

be applied [15]. 
Based on the optimal conditions for the satellite network, we propose a hierarchical power and slot 

allocation algorithms. Note that the  value is determined by the optimal slot collection. That is, the 
value of slot collection and  is interactive. Although P1 could be solved via independent 
optimization technologies where power is allocation regardless of time slot, it is preferred to use a 
hierarchical optimization method in order to make a decision at each terminal under perfect slot 
collection. Hence, this algorithm shows possibility and feasibility of a hierarchical decision made by 
the NCC for the satellite network. 

Performance Evaluation. 
In this performance evaluation, we consider a simplified satellite network with multi-priority 

services based on MF-TDMA. It is assumed that the satellite network has total system bandwidth 
100Mbps, with the power available 200W. Typically, there are 8 (K=8) acces points available to the 
satellite, which have different priorities . Furthermore, we suppose that CNR and different service 
levels  are random and follow a uniform distribution (-20dB< <0dB, 1< <10).  

The average delay T = , where  is the waiting delay and the  is the 
transmission delay.  is the proportion of different priorities. 

 
Fig. 2 Average delay of the service with four slot allocation methods. 

Fig. 2 illustrate the average delay and the number of sub-carriers, for four slot allocation methods. 
They are ideal slot, BRPA, CSI and random allocation [16]. On the one hand, to some extent, the 
more the number of sub-carriers have, the less the average delay are. It is because an increase of 
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sub-carriers will help reduce , thus contributing to decreasing average delay. On the other hand, 
random slot allocation has not considered the acces priority as well as the link state, so it has the 
biggest average delay. What is more, it can be seen that CSI allocation achies more average delay 
than BRPA, the reason is that it selects time slot only according to channel signal information 

 ,whereas  will influent the average delay. Hence, it can be asserted that by using BRPA scheme, 
the satellite network can satisfy various requirements of QoS with least time delay. 

 
Fig. 3 Energy consumption with various traffic intensity 

An example for finding an optimal solution for energy consumption is provided in Fig. 3. 
Particularly, in a satellite system based on MF-TDMA with K=4, we apply the proposed hierarchical 
allocation for evaluation. the energy consumption is E= / . 

In Fig. 3, it is shown that the energy consumption increases as the average traffic intensity 
increases. These figures prove that fixed power allocation has the biggest energy consumption, then 
is the fixed slot allocation. With a consideration of extra energy consumption caused by handover, the 
hierarchical allocation has a higher utilization than joint allocation, especially in a higher traffic 
intensity. So the hierarchical allocation algorithm we proposed has a great potential in energy saving. 

Summary 
We analyzed the optical solution for satellite networks and proposed a hierarchical allocation 

algorithm for different requirements of QoS.Considering the multi-priority services and different link 
states, a novel time slot selection mechanism BRPA has been presented. Evaluation results based on 
the proposed scheme were shown that the hierarchical allocation was superior in average delay and 
energy consumption. A well-thought-out optimal solution in satellite with the diversity of complex 
business remains for future work. 
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