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An integrated multi-beam satellite and multi-cell
terrestrial system is an attractive means for highly efficient
communication due to the fact that the two components
(satellite and terrestrial) make the most of each other’s
resources. In this paper, a terrestrial component reuses a
satellite’s resources under the control of the satellite’s
network management system. This allows the resource
allocation for the satellite and terrestrial components to be
coordinated to optimize spectral efficiency and increase
overall system capacity. In such a system, the satellite
resources reused in the terrestrial component may bring
about severe interference, which is one of the main factors
affecting system capacity. Under this consideration, the
objective of this paper is to achieve an optimized resource
allocation in both components in such a way as to
minimize any resulting inter-component interference. The
objective of the proposed scheme is to mitigate this inter-
component interference by optimizing the total
transmission power — the result of which can lead to an
increase in capacity. The simulation results in this paper
illustrate that the proposed scheme affords a more energy-
efficient system to be implemented, compared to a
conventional power management scheme, by allocating
the bandwidth uniformly regardless of the amount of
interference or traffic demand.
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1. Introduction

One of the biggest issues in the area of information and
communication is convergence. The desire for high-speed
multimedia communication services that can be connected
with anyone, anytime, and anywhere without the limitations of
time and space has brought about an explosion in traffic
demand. In addition, extensive coverage of mobile services can
be accomplished through a wide range of wireless
communication infrastructures. These changes in the
telecommunication network environment are now leading
existing systems to be gradually integrated with, or replaced by,
new systems for the deployment of cost effective and flexible
networks. In this paper, we focus in particular on integrated
satellite/terrestrial systems.

A satellite repeater can not only cover broadband
communication coverage but is also equipped with a multi-
beam antenna that can support high data rates by projecting a
high power density to each spot beam [1]. In addition, an earth
station can be made smaller by developing RF technologies
and using high frequencies. This, as well as advanced
transmission techniques such as an adaptive modulation and
coding (AMC) scheme, contribute to the provisioning of high-
speed satellite multimedia services [2]. Accordingly, recent
satellite systems aim at reinforcing their role as the main
communication network and not as a complement to a
terrestrial system.

Traditionally, mobile satellite service (MSS) systems can
provide ubiquitous and reliable connectivity owing to their
inherent wide coverage area. Their strengths in providing
complementary coverage to terrestrial networks in areas where
population densities cannot support the introduction of large-
scale commercial land-based infrastructure have made mobile
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satellite systems an indispensable part of communication
networks. On the other hand, no conventional MSS system has
total penetration capability because of the excessive blockage
and shadowing of satellite links in suburban and urban areas,
including inside buildings. This fact means that current satellite
operators suffer in terms of economic viability and economy of
scale.

Therefore, the importance of integrated satellite/terrestrial
systems has increased during the last few years in an effort to
serve a range of new multimedia services in an efficient, secure,
and cost-effective environment [3]-{4]. The purpose of this
integration is the effective utilization of the respective
advantages of each network within the context of their
traditional roles and mandates.

In this paper, an integrated satellite/terrestrial system is
evolved from traditional MSS networks into a single network
that uses both satellite and terrestrial transmission paths to
provide high-speed multimedia services. The terrestrial
component is operated as an integral part of the MSS system
and aims at improving the service coverage of the MSS system
where the satellite component suffers from signal blockage by
obstacles such as buildings. In addition, these terrestrial
components are controlled by the satellite resource and
network management system and use the same portions of
MSS frequency bands in which the satellite component is
operated. To support the kind of data rates that are widely based
on the previously mentioned traffic growth and technology
trends, the frequency resources need to be used effectively in
both components. Therefore, research activities in such
integrated systems as these are mainly focused on how to make
more intelligent networking and more efficient use of the radio
spectrum, such as in dynamic channel or spectrum allocation.
Meanwhile, one of the major challenges that these types of
integrated systems should overcome is how to minimize the
inter-component  interference that arises from satellite
frequency reuse in terrestrial components. This inter-
component interference within a single network leads to a
consideration of a system’s capacity and link quality.

In [5], a satellite intra system and terrestrial inter-component
interference on a satellite uplink versus the number of active
terrestrial users that obtain the service simultaneously is shown.
It is noted that the most severe interference comes from the
uplink signals of terrestrial users — this is because there is no
blockage or shadowing over the link to the satellite and
because they use the same uplink frequency as the considered
satellite link. In addition, [S] emphasizes the smart channel-
allocation policy to reduce the inter-component interferences.
Also, these interference issues have been addressed [6] by
North American satellite operators such as Skyterra, which has
many patents aiming at avoiding or mitigating interference. In
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an effort to limit interference, the authors in [7] discussed the
addition of an ancillary terrestrial component (ATC) to the
network and the resulting integration problems. It is regarded
that among the major challenges facing the use of an ATC with
an MSS is the problem of interference; thus, an interference
mitigation scheme using ground-based beamforming was
proposed. In addition, the authors in [8] proposed the use of a
radio resource management strategy in which the optimal
constraint conditions are applied to minimize inter-beam
interference for multiple beams based on satellite networks. In
particular, an optimum frequency bandwidth and satellite
transmission power scheme was proposed in [8] to deal with
the ever-changing user distribution and inter-beam interference
conditions.

Similar to this concept, we bring up an optimal interference
constraint for an integrated MSS system to minimize severe
interference between a satellite beam and terrestrial cells that
are operated in the same frequency. We then propose a
dynamic resource allocation scheme to mitigate the total inter-
component interference by optimizing the total transmission
power — the result of which can lead to an increase in capacity.
Finally, we evaluate the performance of the total consumed
power, the amount of inter-component interference, and the
capacity with respect to different traffic distributions and
interference environments between the satellite beam and
terrestrial components.

II. Integrated Satellite/Terrestrial Systems

Figure 1 shows the system configuration of the integrated
multi-beam satellite and multi-cell terrestrial network. In the
network, for the efficient use of satellite frequency, a multi-
beam—based satellite component introduces an ensemble of
spot beams. A satellite antenna with a large-sized reflector
allows a number of small spot beams to be formed. In addition,
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Fig. 1. Integrated multi-beam satellite/terrestrial system with

frequency reuse.
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there are terrestrial components that can reuse the same portion
of satellite frequency bands allocated in the satellite spot beams.
This integrated network can benefit from the advantages of
terrestrial cellular networks with the provisioning of high-
capacity communication in suburban and urban areas, as well
as the strong aspects of satellite networks with a wide area of
coverage and rapid reconstruction capability. In this integrated
system, the satellite and terrestrial components are controlled
by a common resource management system that facilitates the
coordination of frequency allocation between both components.

A satellite frequency reuse pattern for the terrestrial cells in
an integrated MSS system is illustrated in Fig. 1. To provide a
high degree of spectrum-utilization efficiency, the satellite
frequency allocated for each spot beam can be reused in
terrestrial cells outside the coverage of each spot beam but
should not be reused within the spot-beam coverage owing to
severe co-channel interference between the two components.
In this paper, we assume the integrated MSS system based on a
multi-beam satellite component with a cluster composed of
three spot beams operating in different frequency bands f;, f,
and £; in a system with a frequency reuse factor (V) of three.
The three frequency bands are not overlapped mutually within
a cluster and are reused for three beams of any other clusters in
the same manner. In addition, the terrestrial components are
deployed with the reuse of the three frequency bands to
improve the spectral efficiency in a high-density population
area over the coverage of each satellite beam. In other words,
the terrestrial components can reuse a frequency band which a
satellite beam covering over them does not use. That is, a
satellite beam and the terrestrial cells in the adjacent beam can
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share the same frequency band, but this simultaneous sharing
of a frequency band will cause interference, as shown in Fig. 2.
In this paper, we refer to this as the inter-component
interference.

In Fig. 2, each spot beam and group of terrestrial cells of the
same frequency contain the same graphical pattern. This
illustrates the interference between the satellite beam with the
closest groups of terrestrial cells that use the same frequency
band, while belonging to contiguous beams. Since inter-
component interference can degrade performance, it is
essential to limit it. In this paper, we consider some constraint
conditions from the concept described in [9] to mitigate the
system interference and present a dynamic resource allocation
scheme for integrated MSSs with a terrestrial component.

[I. Dynamic Resource Allocation Scheme

1. Dynamic Resource Allocation Outline

In general, each of the satellite and terrestrial components
may have different traffic demands, depending on service
requirements and the amount of interference relative to a user’s
location. In addition, as real traffic is non-uniform and time
varying, the resource management system must reflect the
different traffic distribution across all satellite beams and
terrestrial cells. Some systems allocate only the transmission
power based on the traffic demand. However, since the
extreme demand of some users requires very high power
compared with other beams or cells, this demand can cause
more interference to others and reduce the total communication
capacity. Therefore, power should be allocated according to
both the time-variant traffic demand and the amount of inter-
component interference within the networks.

The purpose of this resource allocation scheme is to
maximize capacity while serving traffic demands by
optimizing the total transmission power taking account of the
considered interference environment. In other words, we can
expect to mitigate the inter-component interference within the
system by minimizing the power required to serve all beams
and terrestrial cells with different traffic demands.

In this paper, there are two cases of inter-component
interference to consider when implementing an integrated MSS
system. In the first case, a group of terrestrial cells may
interfere with a satellite beam that uses the co-channel of the
terrestrial cells. In the second case, a satellite beam interferes
with groups of terrestrial cells that belong to adjacent beams.

Taking into account the inter-component interference
environments for an integrated MSS system with a reuse
factor (N) of three, matrix C, which is composed of allocated
power E/Ny(i) for a beam, can be obtained as follows [8] (refer
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to Appendix):

G-C,, =1 1];1 for a reuse factor (V) of three, (1)
where
G, =[C' C* C’],
with

1 T
C' =[¢, cpey I :V[Ebs W, E"(),E" (0] ,

0

C =[e,cqe T :NL[EbS(Z),EbT‘ @.E"@] . @

0

1 T
C =lencucn ] =< B OLEGLE )]

0
Considering the integrated MSS system with a reuse factor (V)
of three, in this paper we presented the generalized matrix G as

expressed by (3).

Al O3><3 03x3
G={05; A, 0y 3)
03x3 03><3 AS

Here, matrix A; of the diagonal elements in (3) is denoted in
terms of the inter-component interference between the beam
and cells using the co-channel, as given by

1 R'G) . REO ]
,DS ) W, GT, .S (@) W GTZ,S (@)
A = RbS © G, (@) Tl ) 0 5
W, P (1)
RbS (@) G, () 0 Tl
. w PR
“)

where Ry(7) is the required bit rate of each beam and group of
terrestrial cells and W is the ith frequency band of the beam (or
cells). As G,(=g;;/g;;) is the relevant term for the antenna gain,
here g;; is the antenna gain from beam (or cell) j to beam (or
cell) i. In addition, p(7) is averaged as E/(Nytly), where [, is the
interference power density, assuming it is determined properly
by applying the appropriate AMC according to the spectral
efficiency that can achieve the Shannon capacity; p(i) is then
calculated by

2R;,(i)/”€ —1

®
from the ith capacity C=W;log,(1+p(i)), while fully
serving the traffic demand, R,(i) [9]. Table 1 classifies the
satellite beam and terrestrial cell groups using frequency f. For
the S, 7, and 7> noted in the Table 1, S indicates a satellite
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Table 1. Information relating to satellite beam and terrestrial cell

groups using f-.
Rl et e S
q! 0 |Req! Ey/(No+ho) &
E} . .
Fb(i ) R0 Pi0) G 1,(D), Gs (1)
0
(@) Ry'1(D) P10 Gr, 50
NO
Ei g Dyi B, ;
(@) Ry (i) P20 Gr,.s(0)
NO

Table 2. Definition of notation used in Table 1.

i S@ T () E10)
| Terrestrial cell group in | Terrestrial cell group in
(i+1)th satellite beam | (+2)th satellite beam
) ith satellite | Terrestrial cell group in | Terrestrial cell group in
beamusing f; | (-1)th satellite beam | (i+1)th satellite beam
3 Terrestrial cell group in | Terrestrial cell group in
(i2)th satellite beam | (—1)th satellite beam

beam and 7} and 7, are the groups of terrestrial cells using the
same frequency in the inter-beams, as given in Table 2. In this
paper, we propose an adaptive bandwidth allocation scheme
according to the traffic demands and interference between
inter-components, which can achieve a minimization of the
required transmission power among the beams and terrestrial
cells. Based on this assumption and environment, we derive the
dynamic resource allocation algorithm in the next section.

2. Modeling of Optimum Resource Allocation

To derive this adaptive resource allocation model, we find an
optimized design by minimizing the general function of the
total consumed transmission power, thereby minimizing the
inter-component interference. If we use a cost function in terms
of the total consumed power Ey/Ny(i), the problem can be
modeled as

T,

N S L 2
argminZ{i—b(i)+fv—b(i)+ljv—b(i)} fori=1,2,...,N.(6)

. i=1 0 0 0
To derive each Ey/Ny(i), inserting (4) into (1) results in
ps @)+ Fs,n + FS,TZ

ES
—(@)= ,
N, 1-T1, -1,

™

where
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Ry (l)

rs,ﬂ P ()p (Z)GT s(l) ®
sn = ;;”p()#%w@ma> ©)
I, = {R:Vgl) Gy N (l)} )
5, (10)
and II, = {Rb © Gy, (i)}.FS .
W’. 242

In addition, the E,/Ny(7) related to the terrestrial components is
as follows:

N

E! R ES
70(1) P (Z){H VVSI)GS’T‘(’)VO(Z)}’ (1

R; (D)
W,

i

§%®=Hwﬁn

6 05 )}. 1)

Since there are so many parameters to be considered, it is
essential to come up with the appropriate constraints to find the
global optimum solution. Here, we consider the constraint
condition to simplify the problem while minimizing
interference, as motivated by [8]. The bandwidth constraints
must be properly set to minimize interference. Figure 3
illustrates the interference considerations. For the first condition,
three frequency bands fully use the entire system bandwidth
W to maximize spectral efficiency. The overlapped frequency
band in regard to the same frequency area causes interference.
Consequently, the second condition is to prevent extreme
interference by applying each beam and terrestrial cell in the
same frequency, f, which should have the same amount of
frequency bandwidth.

By considering these constraints, secure low-interference
situations can be expected, as the complexity of the formulated
optimization problem can be reduced. In this regard, the
constraints with respect to the frequency bandwidth to be
allocated can be formulated as below.

(13)

w;=0, (14)
where the first constraint in (13) indicates that the whole
bandwidth assignment does not exceed the total system
bandwidth. The condition in (14) is added to see which beam
or cell should be served with non-zero bandwidth. The
Lagrangian function is applied as

tot

N
> W <w,, fori=1,2,...,N,

E N N
L(VV,-»&F{#} +%(ZVK—WO,)—/%(ZW,-), (15)

where /; and 4, are the Lagrangian multipliers and the Karush—
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Fig. 3. Bandwidth constraints for minimizing inter-component
interference between the satellite beam and terrestrial
cells.

Kuhn-Tucker (KKT) condition [10] can yield 4, 4, >0 and
AW;= 0. Intuitively, this implies that 4, should become zero to
allocate the non-zero bandwidth. Using the KKT condition
results in

OL(W,.4,)
oA

7

=0. (16)

By applying condition (16) to (15) again, we can derive the
optimum beam profile in terms of ¥; as

AW —(2CA +GW} —(AC+2DE +2EFYW+ 2,C* - CG =0,
a7
where
A=2p], (18)
B= Rlizp]ipégél +Rl§3p1ip;g;1 > (19)
C= RélRézplip;glingI + R RbSpllpégIISgSI ,  (20)
D= Rblpllpégllr 21
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E= Rll;lplip;gli} > (22)
F= Rézpég;] +Rli73p§g§1 > (23)
and G=B+D+F. 24)

In general, there are many methods to solve a biquadratic
polynomial, such as (17), and we can speculate whether its
roots have real or imaginary values from its discriminant [11].
A meaningful intuition can be drawn fiom closed-form
solutions by selecting the smallest real number among the
values of equation (17), and we confirmed that it makes sense
using an exhaustive search. In the next section, the required
transmission power of each beam and group of terrestrial cells
using the optimum bandwidth to be allocated by the proposed
resource allocation scheme 1is demonstrated, and the
performance of uniform bandwidth allocation, regardless of the
traffic demand and interference over all beams and cells, is
compared.

IV. Analytical Simulation Results

For the simulation, we create a simplified model as follows.
In a network, there is a multi-beam satellite with groups of
terrestrial cells that reuse the same frequency band, and the
total system bandwidth is 10 MHz. In addition, we assume the
traffic demands of each beam and cell are generated randomly,
as shown in Table 3 (total traffic demand is 45 Mbit/s).

Figure 4 shows the transmission powers required to serve the
generated data rates, based on the amount of inter-component
interference. Here, the amount of interference between the
satellite beam and terrestrial components using the same
frequency are assumed as follows. For simplicity, we assume
that there are three cases of inter-component interference. For
the first case, it can be considered that the satellite beam may
interfere with the groups of terrestrial cells using the same
frequency band and that the signal strength is 5%. In addition,
we assume that interference of the satellite beam affected from
the first group of terrestrial cells that exists in the adjacent beam
is set to the terrestrial component strength of 10%, which is
about 7(i), as defined in Table 2. The received amount of
interference to the satellite beam S(¢) from another group of

Table 3. Required traffic demand for each satellite beam and group of

terrestrial cells (Mbit/s).
B 11
o S() 7 ) 0
1 6 3 7
2 5 4 3
5 9 3
524 Unhee Park et al.

[S: T : Th]
—1: : BB Uniform BW allocation
[ - 777 - B8 Optimum BW allocation

-
7z

Required Ey/N, (dB)

—_

S:T,:T, using f; (=W;)

Fig. 4. Comparison of consumed power based on the data rate
and inter-component interference.

Table 4. Optimum frequency bands based on the resource allocation

schemes.
ith W;
- 1 2 3
Resource allocation
Uniform 333MHz | 333MHz | 3.33MHz
Optimum 3.8 MHz 2.7 MHz 3.5 MHz

Table 5. Sum of the consumed power based on the simulation results

of Fig. 4.
Resource allocation Uniform Optimum
Total consumption of power 17.5274 dB 159779 dB

terrestrial components 75(7) is also assumed to be somewhat
heavy; that is, 30% of the strength of 75(i). The ith frequency
bandwidths that are allocated by the uniform allocation and
proposed dynamic resource allocation schemes, according to
the data rates set in Table 3, are shown in Table 4. Inserting W;
into equations (7), (11), and (12) results in the required power
of each satellite beam and group of terrestrial cells, as shown in
Fig. 4. The purpose of the proposed resource allocation is to
minimize the total consumed power that can reduce the inter-
component interference, while satisfying the required data rates.
In this regard, we can confirm that the proposed scheme
coincides more closely to our objective of this resource
allocation through a comparison of the total sum of the
consumed power shown in Table 5.

Figure 5 also shows the inter-component interference within
the system after applying the two resource allocation schemes.
We can see that the performance of the interference mitigation
of the proposed algorithm is superior to that of a uniform
resource allocation scheme. Under this situation, we can expect
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Comparison of inter-component interference using
uniform bandwidth allocation and the proposed
optimization scheme.

Table 6. Total inter-component interference based on the simulation
results of Fig. 5.

Uniform

8.8584 dB

Resource allocation Optimum

7.2605 dB

Total inter-component interference

Bl [S: T : Th]
M| C3: : B2 Uniform BW allocation
81| [ : E2EA : EEE Optimum BW allocation

Capacity (Mbit/s)

S:T,:T; using f; (=W))

Fig. 6. Performance comparison of achievable capacities under
the total power constraint.

Table 7. Comparison of total capacity under the total transmission

power constraint
Resource allocation Uniform Optimum
Total capacity 41.185 (Mbit/s) 45 (Mbit/s)

a mitigation gain of interference of about 1.6 dB compared to a
uniform allocation scheme, as shown in Table 6. From the
results in Table 5, we found that the proposed scheme can save
transmission power and satisfy the required traffic demand to
each beam and terrestrial cell.

Figure 6 and Table 7 show the capacity performance of the
proposed scheme assuming that it is only permitted the total
consumed power necessary to support the generated traffic
demands shown in Table 3; in other words, the total consumed
power is limited to 159779 dB. Indeed, we can see an
improved performance in the total capacity as compared to a
conventional uniform allocation of about 3.8 Mbit/s.

As a result, the proposed interference-limited dynamic
resource allocation can be performed by minimizing the total
power consumption of an integrated satellite and terrestrial
system. It is noted in the proposed scheme that the less transmit
power produced, the less inter-component interference; thus,
we can achieve higher capacity with less transmit power
compared to the uniform power allocation. In addition, it is
shown in the case of the uniform power allocation scheme that
the traffic demands for both satellite and terrestrial components
cannot be satisfied for the power-limited environment
considering that satellite resources are expensive and scarce;
thus, quality of service might not be guaranteed. On the other
hand, from the point of view of complexity, the proposed
scheme is surely more complex than the uniform allocation
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scheme, but its computational complexity has a linearly
increasing function in the number of beams by applying the
approach in Fig. 3(b), compared to many other dynamic
resource allocation schemes whose complexity are under an
exponentially increasing function. Therefore, in practical
satellite/terrestrial systems, we believe that the proposed
scheme has the advantage that traffic demands for both
components can be supported on time with minimized power
consumption and that it will have reasonable computational
complexity.

V. Conclusion

New satellite operators adopting MSSs using a terrestrial
component approach have been actively developing frequency
reuse schemes that optimize spectral efficiency and increase
system capacity. In this paper, we proposed a dynamic resource
allocation scheme based on the traffic demand and inter-
component interference for an integrated multi-beam satellite
and terrestrial system. The proposed scheme aims to increase
system capacity by optimizing the required amount of
consumed power, which means a minimization of interference
within the system. Based on the simulation results, the
proposed resource allocation scheme can achieve a better
performance by saving the total consumed power to serve the
required data rates, compared to a uniform allocation scheme.
In addition, the capacity gain from the proposed scheme is
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superior to that from a uniform allocation scheme. This means
we can eventually expect to construct a cost-effective and
flexible network for integrated systems.

Appendix. General Matrix for Frequency Reuse N

To apply the integrated MSS system with reuse factor &, we
derive the generalized matrix G from the matrix related to the
required power for the multi-beam satellite network introduced
in [8], as given by (25).
B |
EJ (1)
Ez (D)

B (1)
E(2)
El(2) 1

T 1
Eb:(z) =, fori=1,2,...,N. (25)

02"_‘

EN(2) 1

E}(N)
EJ(N)

ED (V)

N2x1

The descriptions of the symbols are omitted here because
they were given previously. As matrix G is related with the
signal-to-interference-plus-noise ratio Ey/(Ili+ Np), its diagonal
elements are tied up with respect to the satellite beam and
terrestrial component using the same frequency. This means
that the non-diagonal elements of G become zeroes since the
satellite beam and terrestrial cells using a different frequency
band are not associated; that is, there is no interference.

A] 0N><N 0N><N 0N><N
0 A 0 0
G _ NxN 2 NxN NxN (26)
0N><N 0N><N 0N><N
ONxN ONXN 0N><N ANz N2xN?

Considering the inter-component interference between a
satellite beam and group of terrestrial cells, A; results in

1 R (i , R (i N
ps (1) - bW'( ) Gﬂ.s (l) — W ( ) GTV,‘,S (Z)
RS (®) . 1
|- it GS’T1 (i) e 0
A=l W, P ()
: 0 0
S
_ R, (@) Gs_rv 1 () 0 r,l :
L W ) P (@)
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Here, the first row of A; shows the pertinent terms used to find
the required power of a satellite beam using the ith frequency
band, and the other terms except the first column element
related to p°(i) indicate the interference for the satellite beam
from the groups of terrestrial cells that use the same frequency
band in contiguous beams. Now, to derive a simpler
mathematical formulation, we can obtain (3) by applying
an integrated MSS system, particularly considering a reuse
factor (V) of three.
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