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Abstract—In this paper, we evaluate resource allocation meth-
ods for an integrated satellite-terrestrial (IST) system. We pro-
pose a computationally efficient resource allocation method for
an interference limited IST network, by considering that the
objective function and the constraints of the conventional resource
allocation method had a steep slope which hindered the optimal
solution search. A new objective function is proposed to solve
the problems of the conventional schemes. The simulation results
evaluated using sequential quadratic programming reveal that the
proposed resource allocation method provides improved allocation
performance as well as computational efficiency, compared to the
existing methods.

Index Terms—integrated satellite-terrestrial, optimization, re-
source allocation, SQP

I. INTRODUCTION

The scarcity of the satellite resources requires efficient
operation of multi-beam satellite communication systems with
the aid of a frequency reuse technique. The frequency reuse
technique is a method to share the same frequency band among
geographically separated cells [1][2]. Several studies have been
conducted on a resource allocation method for the integrated
satellite and terrestrial (IST) systems utilizing frequency reuse
technique over a multi-beam satellite system [3]-[6]. It was
discussed that, even if the cells using the same frequency
band were sufficiently far apart on the ground, inter-component
interference between a terrestrial cell and satellite beam was
unavoidable. Therefore, the main objective of previous studies
was to minimize interference between components, by allocat-
ing the minimum power for quality of service (QoS) [5][6].

The Lagrangian method has been considered as the most
representative approach to solve the optimal resource allo-
cation problem [3]-[5]. Optimal joint power and bandwidth
allocation (OPOB) methods based on duality theory were
proposed to meet traffic demands from satellite beams [3][4].
These algorithms found a solution even in the case when the
required traffic demand is greater than the system capacity, by
reducing the traffic demand in a way to maximize the system
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capacity. However, it was found that the OPOB method invoked
serious power inefficiency [6]. Furthermore, the computational
complexity exponentially increased by the frequency reuse
factor and the number of components.

On the other hand, a resource allocation method that min-
imizes the total power requirement for an IST system was
proposed [5]. This method utilized a linear system which
relates the power and bandwidth for an interference limited
system, and provided an analytic solution of the Lagrangian
function for the optimization problem. However, this method
often resulted invalid solutions. As a solution for this problem,
a new approach was proposed based on simple linear machine
learning (ML) methods [6], and thus it required pre-trained
perceptron and linear regression tool.

In this paper, we consider the same IST system as in
the previous studies [5][6], and propose an efficient resource
allocation problem which solves the existing problem in [5].
By considering that the objective function for an interference-
limited IST system caused a steep slope with discontinuous
points, we propose a new resource allocation problem by
revising the objective function and constraints. The proposed
scheme tackles the problem firstly by regulating the searching
range of the optimal solution, and secondly by smoothing the
slopes of the objective function. The implementation algorithm
for the proposed scheme is presented by using sequential
quadratic programming (SQP) algorithm, and its performance
and computational complexity are investigated.

This paper is organized as follows. Section II describes
an IST system configuration and various existing resource
allocation problems. In Section III, we introduce the proposed
resource allocation method and present its implementation with
the SQP algorithm. Section IV presents comparison results
of the proposed method with the existing methods in terms
of various performance measures as well as computational
complexity. Finally, Section V draws the conclusion.

II. RESOURCE ALLOCATION FOR INTERGRATED SATELLITE
AND TERRESTRIAL SYSTEM

The IST system has been regarded as an effective communi-
cation model that can safely serve a wide range of multimedia
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Fig. 1. A system configuration of the IST system using frequency reusing
method [6].

services at low cost [5]. In this system, the terrestrial cells and
the satellite beams can share the same bandwidth, extending
satellite converage. In addition, both the terrestrial cells and
the satellite beams are managed by a common resource control
system, thus, it is possible to allocate resources that simultane-
ously satisfy the requirements from each of the terrestrial cells
and the satellite beams.

Figure 1 depicts a configuration of the IST system,
where frequency reuse factor is F [6]. The total avail-
able system bandwidth, W is divided by F', having sub-
bands w = [wy,...,w;,...,wp]T with its center frequency,
fi,---, fi,..., fr, respectively. Within a satellite cluster, F’
satellite beams use a different bandwidth from each other, and
within a satellite beam, (F' — 1) groups of terrestrial cells use
a bandwidth from another terrestrial cell and satellite beam so
that all components can avoid interference caused by bandwidth
overlap. We assume that M components (either beams or
terrestrial cells) utilizing each subband w; at an instance and
there is no time slot re-use. Even though there is no inter-
component interference by avoiding bandwidth overlap within
a satellite beam, the system may suffer from inter-component
interference from the adjacent beams or terrestrial cells which
share the same frequency band in a satellite cluster.

For the IST network, the previous study formulated resource
allocation problem in a way to minimize the total consumed
transmission power as follows [5]:

F M
arg min ZZ(Pt)f
F 7
ZWSVV, w; > 0,

(1)
(i=1,...,F)

where the transmit power of the jth component using f; in the

unit of dBW, ( t)- can be expressed as follows:

NORz ’}/Z

(P)] = 1

@

In (2), Ny is the noise spectral density, RJ is the traffic demand
from the jth component using f;, and le is the channel
gain from the kth component to jth component using f;. In
addition, ;] denotes the bit energy to noise spectral density
ratio (Ey,/Np) of the jth component using f; [6].

Although the solution of the above problem could be found
in some cases, a plain application of (1) to an optimization
algorithm often results in invalid solutions. This is mainly
caused by the following two reasons. The first case is when
the traffic demand is beyond the system capacity. The second
case is when the optimization algorithm misses the solution
because of the steep slope of the objective function.

On the other hand, the OPOB methods could be able to
find the optimal solutions in a way that the best satisfies the
requirements of each component, i.e., they reduce the traffic
demand if the demand is greater than the system capacity. The
problem can be formulated for the IST system as follows [3][4]:

F Mo s
arg min (RJ — C?)

F
Zwi <W,

, (3
F M

2. 27!

(Pt) >0,
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where P and P, are a transmit power vector P, =
(P)Y(P)2 ... (P)M ... (P)] ... (P)M]T and the maxi-
mum available transmission power of system, respectively. In
addition, CY is a Shannon bounded capacity allocated to the jth
component using f; which can be expressed as follows [3][4]:

P

¢! = wlog, (1 +
where [ ‘Z is a received interference power at the jth component
using f; from the other components sharing the same subband,
W .

III. COMPUTATIONALLY EFFICIENT RESOURCE
ALLOCATION METHOD

A. Formulation of the objective function

Here, we modify the optimization problem in (1) in order
to find a solution more efficiently. First, the bandwidth-related
constraint, Zzel w; < W is changed to an equality equation,
25:1 w; = W, by assuming the total bandwidth W was
secured by the IST system. This is because the wider bandwidth
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indicates less interference as well as better spectral efficiency
[71.

Meanwhile, we use the following linear equation which
relates the required power with the traffic demand [6]:

(PG ) / (RINo)

1
2,2,2 2
(P)iG; /(RiNO) :Ai—l 1 (5)
((2re) / (rM o) :
where
14@3 1 -9 ’1271? —QZ;WNM[
A | T 1/'/)1- T ©)
—g; Ml =g M2 1/p}"

In 6, g7 = GI /G, o) = (B)l/ ((Io)] + No)), where
(Ey)’ and (Ip)! represent the bit energy and the interference
power spectral density at the jth component using f;, respec-
tively. In addition, n¥ = R¥ /w; denotes the spectral efficiency
of the kth component using f;. According to the Shannon
capacity theorem, the relationship between p] and 7] is as
follows:

pl =" — 1)/}, 7

and thus the solution finding process of (5) requires iterative
search. Furthermore, the inversion operation of A; associated
with (7) results in a complex discontinuous function of power
with respect to the bandwidth.

In order to investigate the relationship between the allocated
power and the bandwidth, we define the total sum of the
allocated power for the components using f;, P(i) as follows:

M A
P(i) =Y _(P)].

J

®)

Accordingly, we numerically investigate the relationship be-
tween P(i) and w;. Figure 2 shows a typical example of the
graph showing P(i) versus w;. It is important to note that P(¢)
has invalid negative values for w; < a; < W, where there is
an asymptotic line at a; which can be obtained by numerical
search. This implies that the lower bound, w; > 0 is neither a
sufficient nor an efficient constraint. For this reason, we replace
the constraint w; > 0 with 10log,, (P(¢)) > 0. Here, the
logarithm operation not only regulates the valid positive value
range of the objective function but also set the lower bound of
P(i), ie., P(i) > 1.

Next, we consider that the steep slope of the graph in Figure
2 is caused by the exponential term in (7). This requires a
small step size during the iterative solution finding process,
which should be sufficiently small enough amount not to skip
the optimum point, and eventually leads to an increase in the
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Fig. 2. A typical example of P(¢) versus wj.

number of iterations of solution finding process. By taking
logarithm operations on the power-related constraint and the
objective function, their exponentially increasing gradients can
be mitigated. Consequently, it helps to converge to the optimal
solution with fewer iterations.

By integrating the above considerations, the modified opti-
mization problem can be formulated as follows:

F
argmin 10lo P
gw 210 <XZ: ( ))
F
s.t. Zwl =W,

10log,, (P(4)) > 0.

©))

B. Implementation with SQP

In this section, we construct an algorithm to implement the
optimization problem using (9). First, we construct the standard
optimization form of (9), as follows:

F
Minimize f(w) = 10log,, (Z P(Z'))

F
s.t. h(w): Zwi -W=0,
gi(w) : =10log,,(P(i)) <0, (i=1,...,F)
(10)
where f and h represent the objective function and the equality
constraint, respectively, and g; denotes the inequality constraint
for P(i).
The quadratic programming (QP) subproblem is a simple
nonlinear problem with linear constraints. At each iteration, the
SQP algorithm defines an appropriate search direction Aw, as



a solution to the QP subproblem which can be expressed as
[8]:
~ 1
Minimize f(Aw) : V f(wi)T Aw + §AWTV2f(Wit)AW
st. h(AW) : h(wi) + Vh(wi)TAw =0,
Gi(AW) : gi(wiy) + Vgi(wi) TAw <0,
(i=1,...,F)
(11
where it is the iteration index and w,; is a subband vector at
iteration it, and it is updated by using previous subband vector
as well as search direction, i.e., W;z41 = Wit + Aw.

Consequently, the generalized Lagrangian function of (11)
can be formulated as follows:

Minimize L(Aw,\,f1,...,8F)
= f(AW) + M+ B1g1 + ... + Brir,

where A and $3; denote the Lagrangian multipliers of h and g;,
respectively, and A, 5; > 0.

Referring to (12), there are 2F" + 1 unknown variables, and
thus we need 2F + 1 equations to find the solution. We use
the Karush-Kuhn-Tucker (KKT) condition to set up 2F + 1
equations. First, we set up F' equations as follows:

12)

oL  of oh A 0gr
Gwi B awl +)\0’LU1 +/813w,; ++6F6‘w1 _0,
(i=1,...,F).
(13)

Second, one equation can be obtained directly from the equality

constraints as follows:
h(Aw) = 0. (14)

Finally, we set up the remaining F' equations by considering
that f3;g; should be 0 to satisfy (12), i.e.,

Bigi=0, (i=1,...,F).

To find the solutions, we note that there are two possible
sets of solution to satisfy (15), that is

15)

Bi = 03 g’b < 07
{ Bi >0, g =0 (16)
The above leads to 2 cases for (B1,...,B8r, d1,---,3F).

Assuming that all the possible 2 cases comprise a set S =
{51,...,Sq,...752F}, c.g., Sl = (61 =0, ..., ﬁF =0,
g1 <0,...,gr <0), each case S, should go through the KKT
condition check with (13)-(16). This process would occupy the
major computational burden.

The following Algorithm 1 details the implementation of the
proposed resource allocation method with (9) in combination
with SQP. The algorithm stops if the Aw, converge within
a tolerance ¢ or it reaches the maximum iteration, Ty,... In
addition, the initial searching point of the bandwidth wiy; is
set proportionally to the traffic demand to reduce the searching

. T _
time, i.e., Winie = ij Ri, ..., Zj\/f RH /ZlF ij R!.

Algorithm 1 The SQP algorithm to find optimal solution
Input: Ny, R}, GJ
Output: w

1: Wipjt < Rf

20 Wit < Winit

3: for it < 1 to T do S

4 Call the QP problem(11) + Ny, R!,G?7 wyy

5. for ¢ « 1 to 27 do

6 Aw, < the result of KKT condition check (13)-(16)

with S,

7: if h = 0 and KKT conditions are satisfied then
8: for i < 1 to F' do
: if g; <0 then
10: if i = F' then
11: Wit+1 = Wi + AWq
12: end if
13: end if
14: end for
15: end if

16:  end for
17: if Aw," Aw, < ¢ then

18: W = Wit1

19:  else if it = Ty, then
20: w=0

21:  end if

22: end for

23: return w

IV. SIMULATION RESULTS AND COMPLEXITY COMPARISON

A. Computational complexity comparison

Computational complexity of the proposed method is com-
pared with the existing methods. Table I compares the com-
plexity of the algorithms in terms of the number of design
variables, N4, and the number of cases to be investigated
to check whether KKT conditions are satisfied, N.. For the
conventional and proposed optimization problems, there are F’
design variables to find, i.e, w;, 1 < ¢ < F'. On the other hand,
the OPOB scheme has to find /' and M F' design variables for
w; and (P,)7, respectively. At every iteration, the optimization
algorithm requires N, investigations, this is the major factor to
determine the computational complexity.

TABLE I
COMPARISON OF COMPUTATIONAL COMPLEXITY

\ | Na | N
Conventional (1) F 2F+I
OPOB (3) F+MF | 2MF+F+2
Proposed (9) F oF

Figure 3 shows the comparison of N.. The number of
investigations for the OPOB scheme depends on F' as well
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Fig. 3. Comparison of the number of investigations.

as M, and thus it causes the highest complexity regardless
of F' and M. On the other hand, the proposed method has
lower complexity than the conventional method. This is because
the proposed method has less IV, by replacing the inequality
constraint of the bandwidth in (1) with the equality constraint
in (9).

B. Performance comparison

By applying the SQP algorithm to various resource allo-
cation problems, we compare the performance in terms of the
successful allocation rate and power efficiency. We assume that
F =M =4,W = 140 MHz and the system is composed of
F satellite beams and M — 1 terrestrial cells in each beam,
thus we have all 16 components where traffic demand from
each component is dynamically changing. In order to estimate
the performance, we generated traffic demands which follow
Gaussian distribution G(u,02) where p is the mean of the
traffic demand, i.e., u = E[R}), and 02 = 10? is the variance
of the traffic demand. We set Ty = 20,6 = 1078, and we
use P.x value of 29.54 (dBW) for the OPOB method. We
investigated for 500 traffic demand cases for each p = E[Rp).

Figure 4 compares the successful allocation rate. The OPOB
method achieves rate 1 regardless of ;1 because it can flexibly
adjust not only w; but also (P;)]. As p increases, each
component requires more bandwidth, and eventually resource
allocation becomes impossible. Therefore, the successful allo-
cation rates for the conventional and proposed method grad-
ually decrease as p increases. Especially for the conventional
scheme, the search range easily includes an invalid negative
range w; < a;, and the solution can be easily missing. This
leads to degraded successful allocation rate compared to the
proposed method.
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Fig. 4. Comparison of successful allocation rate.

Figure 5 shows the comparison of the average required
transmit power when the allocation is made, E[P;|success]. For
the OPOB method, the E[P;|success] converges to the average
transmit power per component, i.e., Pnax — 10log,,(F M) ~
17.5 (dBW), as p increases, and it requires much higher power
than the conventional and proposed method. On the other hand,
the proposed method requires more power as p increases,
because the interference between component becomes more
severe. Lastly, the conventional method seems to require the
smallest power, but this is the case only for very small fraction
of traffic demand. It should be noted that the proposed scheme
requires much smaller power compared to the OPOB method
when both methods achieve 100% successful allocation rate.

V. CONCLUSION

This paper evaluated resource allocation methods for inte-
grated satellite-terrestrial systems. We first considered that the
conventional resource allocation method often failed to find
optimal solutions due to a steep slope of the objective function
and the constraints including incorrect solution search ranges.
The proposed method in this paper used a modified problem
formulation with a logarithmic operation that can easy the
steep slope, and also used a constraint setting strategy that can
eliminate invalid ranges of the solution. The simulation results
evaluated using the SQP show that the proposed method highly
improves successful allocation rate, with lower computational
complexity, compared to the conventional schemes.
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