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Abstract—Recent years have seen the development of a satellite
communication system called a high-throughput satellite (HTS),
which enables large-capacity communication to cope with various
communication demands. Current HTSs have a fixed allocation of
communication resources and cannot flexibly change this alloca-
tion during operation. Thus, effectively allocating communication
resources for communication demands with a bias is not possible.
Therefore, technology is being developed to add flexibility to satel-
lite communication systems, but there is no system analysis model
available to quantitatively evaluate the flexibility performance. In
this study, we constructed a system analysis model to quantita-
tively evaluate the flexibility of a satellite communication system
and used it to analyze a satellite communication system equipped
with a digital channelizer.

Index Terms—Digital channelizer, frequency flexibility, high-
throughput satellite communication.

I. INTRODUCTION

SATELLITE communication systems are expected to meet
the rising demand for broadband communication from in-

creased globalization because of their vast coverage area and
ability to provide communication on the sea and in air. As the
world enters the age of the Internet of Things (IoT), an enormous
number of devices will be connected to each other, and satellite
communication systems are expected to serve as a means of
communication to such devices [1]–[4]. The unmanned aircraft
system (UAS) has also attracted much attention, and various
applications such as infrastructure inspection and environmen-
tal investigation are being studied [5]–[7]. However, a UA does
not necessarily fly within the radio wave coverage of a terres-
trial network. Not only do the data acquired by the aircraft need
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to be collected, but also controlling an unmanned aerial vehi-
cle is difficult. Therefore, satellite communication systems are
being considered as a means of communication with a UAS.
In addition, satellite communication systems have been attract-
ing attention as communication infrastructure for developing
countries, and much research is being done on networks us-
ing multiple satellites [8], [9]. There are also examples of re-
search that focused on light waves rather than radio waves to
increase the capacity of satellite communication [10]. These
systems can also be used as a communication method in emer-
gency situations because of their disaster-resistant nature; even
when large-scale disasters occur on Earth, satellite systems in
outer space remain intact. Currently, demand is increasing for
large-capacity communication such as high-quality video trans-
mission in order to understand a disaster situation and imple-
ment an advanced disaster response, and satellite communica-
tion systems are required to meet these demands. In response to
such communication demands, a satellite communication sys-
tem called the High-Throughput Satellite (HTS) has been devel-
oped to further enable large-capacity communication [11]–[14].
For HTSs currently in practical use, the allocation of commu-
nication resources is fixed, and they cannot efficiently allocate
resources to communication demands generated by various uses.
Thus, the next generation of HTSs need frequency flexibil-
ity so that they can flexibly assign communication resources
according to biases in communication [15]–[18]. Technology
for adding flexibility to a satellite is being developed. One
representative example is a digital channelizer [19]–[22]. How-
ever, there are no examples of research that has clearly defined
flexibility for satellite communication and quantitatively eval-
uated it. In this study, we defined the flexibility required for a
satellite communication system and constructed a system anal-
ysis model to evaluate it. In addition, we used the model to
evaluate the flexibility of a satellite communication system with
a digital channelizer.

The remainder of this paper is organized as follows. The
supposed network model is explained in Section II. Section III
presents the satellite communication system with the digital
channelizer that was evaluated with the system analysis model.
The channel assignment method is also explained in this section.
Then, Section IV presents the mathematical analysis for the
evaluation. Finally, the paper is concluded in Section V.
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Fig. 1. Supposed satellite communication system.

II. SUPPOSED ENVIRONMENT

In this section, we summarize the supposed environment.
Then, we describe the functions of digital channelizer in detail.

A. System Configuration

Fig. 1 shows the supposed satellite communication system.
The HTS has multiple Ka-band spot beams for user links and
Ka-band feeder links.

We assumed that there are several gateways (GWs) in this net-
work that are connected to a terrestrial network. The network
operation center (NOC) manages the satellite communication
resources. That is, channels are assigned according to commu-
nication requests from user terminals. To prevent interference,
the satellite allocates different frequency bandwidths to adja-
cent spot beams. However, in order to improve the efficiency
of frequency utilization, the satellite reuses the same frequency
bandwidth to spot beams that are separated by a distance. When
two spot beams are separated by a distance, the interference
between two beams can be neglected [23]–[28].

B. Communication Types

We noticed a relationship between the satellite communica-
tion type and our system analysis model. There are two types of
satellite communication: star and mesh [29], [30]. In star-type
communication, all traffic is sent to a GW, even if the com-
munication is between spot beams. Traffic, which generates a
specific spot beam, and the destination, which is another spot
beam, are sent to the GW through the satellite. Then, the traffic
is sent to the destination spot beam from the GW through the
satellite. Because the transponder has a simple structure that
is suitable for satellite communication, a general satellite sys-
tem is constructed based on star-type communication. On the
other hand, traffic is sent to the other spot beam without going
to the GW in mesh-type communication. The satellite directly
downlinks traffic from the specific spot beam to the destination
beam. In mesh-type communication, because the communica-
tion between beams does not use any feeder links, feeder links
can be effectively utilized. Although conventional satellites do
not adopt mesh-type communication because of mountability

Fig. 2. Block diagram of the hybrid transponder.

concerns, a digital channelizer makes it possible to simplify the
transponder, so a satellite with digital channelizer can adopt
mesh-type communication. Therefore, we constructed a system
analysis model based on mesh-type communication. Next, we
explain the assumed transponder of the satellite communication
system. It is hard to process all frequency bandwidths with a
digital channelizer on a satellite because of cost and mountabil-
ity; the processing frequency bandwidth of an HTS sometimes
reaches several tens of gigahertz. Therefore, we focused on
a hybrid transponder that shares a bent-pipe mode and digi-
tal channelizer. Fig. 2 presents a block diagram of the hybrid
transponder. Part of the input from the Multi-Beam Antenna
(MBA) is processed by the digital channelizer and output, and
the remaining inputs are processed by bent-pipe transmission.
Because the assumed transponder uses mesh-type communica-
tion, the output is also made to the MBA. In this research, the
signal input from the antenna was input from the channelizer
port to the channelizer, and the channelizer port and input from
the antenna had one-to-one correspondence. Therefore, the ra-
tio of the signal processed by the channelizer and proportion of
the bent-pipe transmission were determined by the number of
ports of the channelizer. When the number of input antennas and
number of ports of the channelizer are equal, this means that all
of the signals are processed by the channelizer. We evaluated
the influence of the number of ports of the digital channelizer
on the flexibility of the system.

C. Function of Digital Channelizer

Here, we summarize the three functions of the digital chan-
nelizer and explain the function focused on in this study.

Because bent-pipe satellites cannot change the frequency
bandwidth assigned to the spot beam, all spot beams are as-
signed a fixed frequency bandwidth. On the other hand, a digi-
tal channelizer can change the frequency bandwidth allocation
between spot beams. In disaster situations, a satellite commu-
nication system with a digital channelizer can allocate a large
frequency bandwidth to the spot beam covering the disaster area.

When the traffic destination is a specific GW, because a bent-
pipe satellite simply downlinks the traffic from the user link
channel to the feeder link channel, the number of feeder link
channels is the sum of the user link channels, as illustrated in
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Fig. 3. Function of a digital channelizer for star-type communication.
(a) Bent-pipe system. (b) Digital channelizer.

Fig. 4. Function of a digital channelizer for mesh-type communication.
(a) Bent-pipe system. (b) Digital channelizer.

Fig. 3(a). When user terminals do not generate much traffic
and there are many free channels on the user link, the feeder
link becomes a wideband signal with many empty channels, as
shown in Fig. 3(a). A satellite equipped with a digital channelizer
can pick up data from the user link channel at the transponder
and then multiplex the data on the feeder link channel to avoid
generating idle channels, as shown in Fig. 3(b). Thus, a satellite
equipped with a digital channelizer can improve the frequency
utilization efficiency of the feeder link.

Fig. 4 presents an example of mesh-type communication.
The satellite receives user link channels from beam A and sends
these channels to beams A and B. When a large amount of

Fig. 5. Frequency allocation.

traffic is generated from beam A to beam B, accommodating
all of it is impossible even if there are other open channels, as
shown in Fig. 4(a), because current bent-pipe satellites define
a fixed frequency bandwidth for each destination beam. On
the other hand, a digital channelizer can change the frequency
bandwidth allocation for each destination beam. Thus, the NOC
can optimize the channel allocation depending on the amount
of generated traffic, as shown in Fig. 4(b). This study focused
on this function to evaluate the improvement in flexibility.

III. SATELLITE COMMUNICATION SYSTEM MODEL

In this section, we define the satellite communication system
model and note the relationship among factors composing the
system. Then, we introduce the channel allocation method for
maximizing the traffic accommodation rate.

A. System Model Definition

The frequency bandwidth allocated to downlinking of the
satellite communication system is represented as BWD, and
the frequency bandwidth for uplinking is represented as BWU.
First, we focus on the downlink and summarize the relationship
between the frequency bandwidth and channels that are allo-
cated to downlinking. We define the frequency bandwidths for
the feeder link and user link as BWFD and BWUD, respectively.
Because the summation of the feeder link frequency bandwidth
and user link frequency bandwidth is the same as the system
frequency bandwidth, these values satisfy the Equation given
below:

BWD = BWFD + BWUD. (1)

The frequency bandwidth of downlinking for GW i is given by
BWi

FD and is expressed as follows:

ng∑

i=1

BWi
FD = 2 · BWFD, (2)

where ng is the number of GWs. This model considers polarized
waves. Hence, the satellite communication system can use the
same frequency bandwidths for right hand circular polarization
(RHCP) and left hand circular polarization (LHCP). Therefore,
the total frequency bandwidth for the feeder links is double
the allocated frequency bandwidth, as illustrated as Fig. 5. In
this research, we ignored the effect of polarization loss. The
frequency bandwidth of downlinking for beam i is given by
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BWi
UD and is expressed as follows:

nb∑

i=1

BWi
UD = 2 · BWUD ·

(
nb

nr

)
, (3)

where nb is the number of beams and nr is the number of
repetitions of frequency. When the number of repetitions of fre-
quency is nr, in order to prevent interference between beams, a
multi-beam satellite system has to allocate different frequency
bandwidths for nr beams that lie next to each other. However,
the multi-beam satellite system can reuse these frequency band-
widths for other beams. When nr beams that lie next to each other
consist of the same group, there are nb

n r
groups in the system.

Because a multi-beam satellite can reuse the same frequency
bandwidth for these groups, (3) holds true. While the satellite
system can use polarized waves in the user link and feeder link,
the right side of (3) is doubled. The number of channels for
downlinking to GW i is given by CHi

FD and is expressed as
follows:

CHi
FD =

BWi
FD

bw
, (4)

where bw is the frequency bandwidth of the channel. The total
number of channels of the feeder link for downlinking is defined
as CHall

FD and is expressed as follows:

CHall
FD = 2 · BWFD

bw
. (5)

Then, the following Equation holds true:

ng∑

i=1

CHi
FD = CHall

FD. (6)

Similar to a feeder link, the number of channels for the user link
and the frequency bandwidth that is allocated for the user link
have an established relation that is expressed by (7)–(9):

CHi
UD =

BWi
UD

bw
, (7)

CHall
UD = 2 · BWUD

bw
·
(

nb

nr

)
, (8)

nb∑

i=1

CHi
UD = CHall

UD, (9)

where CHi
UD is the number of channels for downlinking to beam

i and CHall
UD represents all channels that are allocated to the user

link for downlinking.
Because the relationship between the frequency bandwidth

and channel for uplinking is the same as that for downlinking,
the description is omitted.

We define the number of user links that is transmitted by the
digital channelizer as nuc and the number of user links that is
transmitted by the bent-pipe mode as nub. Obviously, these two
values satisfy (10) given below:

nb = nuc + nub, (10)

In the same manner, we define nfc and nfb for the feeder link.
These two values satisfy (11) given below:

ng = nfc + nfb. (11)

The number of ports of the digital channelizer is given by np

and is expressed as follows:

np = nuc + nfc. (12)

The number of channels for traffic from beam i to beam j is
defined as chuu

ij , and we summarize all channels that are sent
from beam to beam to the matrix as CUU:

CUU =

⎛

⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

chuu
1,1 chuu

1,2 . . . chuu
1,nb

chuu
2,1 chuu

2,2 . . . chuu
2,nb

...
...

. . .
...

chuu
nuc,1 chuu

nuc,2 . . . chuu
nuc,nb

chuu
nuc+1,1 chuu

nuc+1,2 . . . chuu
nuc+1,nb

...
...

. . .
...

chuu
nuc+nub,1 chuu

nuc+nub,2 . . . chuu
nuc+nub,nb

⎞

⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠

. (13)

In this matrix, a row represents the source beam, and a col-
umn represents the destination beam. When a satellite receives
these channels from each beam, the channels are combined in in-
crements of a row for uplinking. The satellite reconstructs these
channels in increments of a column for downlinking. Hence,
from the first line to the nucth line are the source beams trans-
mitted by the digital channelizer, and from the (nuc + 1)th line
to the (nuc + nub)th line are the source beams transmitted by
the bent-pipe mode. Similar to channels that are sent from beam
to beam, channels that are sent from the GW to a beam and vice
versa are defined as the matrices CFU and CUF, respectively:

CFU =

⎛

⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

chfu
1,1 chfu

1,2 . . . chfu
1,nb

chfu
2,1 chfu

2,2 . . . chfu
2,nb

...
...

. . .
...

chfu
n fc,1 chfu

n fc,2 . . . chfu
n fc,nb

chfu
n fc+1,1 chfu

n fc+1,2 . . . chfu
n fc+1,nb

...
...

. . .
...

chfu
n fc+n fb,1 chfu

n fc+n fb,2 . . . chfu
n fc+n fb,nb

⎞

⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠

, (14)

CUF =

⎛

⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

chuf
1,1 chuf

1,2 . . . chuf
1,ng

chuf
2,1 chuf

2,2 . . . chuf
2,ng

...
...

. . .
...

chuf
nuc,1 chuf

nuc,2 . . . chuf
nuc,ng

chuf
nuc+1,1 chuf

nuc+1,2 . . . chuf
nuc+1,ng

...
...

. . .
...

chuf
nuc+nub,1 chuf

nuc+nub,2 . . . chuf
nuc+nub,ng

⎞

⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠

.(15)
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As a result, all channels are expressed by the following matrix:

C =

(
CUU CUF

CFU 0

)
. (16)

In the above matrix, 0 represents channels for traffic from the
GW to other GWs relayed by the satellite. Because we assumed
that each GW is connected to a terrestrial network in this re-
search, traffic from a GW to other GWs by satellite does not
exist. Therefore, we set channels for traffic from a GW to other
GWs by satellite to 0. When the satellite transmits by bent-pipe
mode, it cannot change the number of channels allocated to
each destination. If every destination is allocated the same num-
ber of channels, the number of channels for each destination is
determined as follows:

chuu
ij = min

(⌊
CHi

UU

nb + ng

⌋
,

⌊
CHj

UD

nb + ng

⌋)
,

(i = nuc + 1, nuc + 2, . . . , nuc + nub, j = 1, 2, . . . , nb) (17)

chuf
ij = min

(⌊
CHi

UU

nb + ng

⌋
,

⌊
CHj

FD

nb + ng

⌋)
,

(i = nuc + 1, nuc + 2, . . . , nuc + nub, j = 1, 2, . . . , ng) (18)

chfu
ij = min

(⌊
CHi

FU

nb + ng

⌋
,

⌊
CHj

UD

nb + ng

⌋)
.

(i = nfc + 1, nfc + 2, . . . , nfc + nfb, j = 1, 2, . . . , nb) (19)

When the satellite transmits with the digital channelizer, it can
change the number of channels allocated to each destination
beam and GW. However, although the summation of channels
allocated to each destination cannot exceed the number of chan-
nels allocated to the source beam or source GW, the channels
must meet the following constraints:

nb∑

j=1

chuu
ij +

ng∑

j=1

chuf
ij ≤ CHi

UU, (i = 1, 2, . . . , nuc) (20)

nb∑

j=1

chfu
ij ≤ CHi

FU. (i = 1, 2, . . . , nfc) (21)

These two constraints are for uplinking. Similar to uplinking,
downlinking has the following constraints:

nuc∑

i=1

chuu
ij +

n fc∑

i=1

chfu
ij ≤

⌊
CHj

UD

nb + ng

⌋
· np, (j = 1, 2, . . . , nb)

(22)
nuc∑

i=1

chuf
ij ≤

⌊
CHj

FD

nb + ng

⌋
· np. (j = 1, 2, . . . , ng) (23)

In the case of downlinking, the satellite combines channels with
the same destination into the same downlink. There are two
types of combined channels: those transmitted by the digital
channelizer, and those transmitted by the bent-pipe mode. The
number of channels transmitted by the bent-pipe mode is pre-
viously determined by (17)–(19). Channels transmitted by the
digital channelizer can use the remaining number of channels.
The right side of (22) and (23) represents the number of channels
excluding channels used by the bent-pipe transmission. Table I
defines each parameter.

B. Channel Allocation Optimization

As discussed in the previous subsection, we defined the satel-
lite communication system and determined its channel model.
In addition, we noted that a digital channelizer can change the
number of channels under constraints. We have to consider how
to determine the number of channels allocated for each source
and destination. In order to determine the number of chan-
nels, we used the traffic accommodation rate as an objective
function. The traffic accommodation rate Tacc is expressed as
(24) (25) shown at the bottom of this page.

Tacc =
∑nb

i=1

∑nb
j=1 chuu

ij +
∑ng

i=1

∑nb
j=1 chfu

ij +
∑nb

i=1

∑ng

j=1 chuf
ij∑nb+ng

i=1

∑nb+ng

j=1 dij

.

(24)

Flexibility index =
µmax∑

µ=µmin

Δµmax∑

Δµ=Δµmin

(
1

Δµmax − Δµmin + 1

)

·
(

1
µmax − µmin + 1

)
· (max Tacc). (26)

dij is the requested number of channels and is defined in (30).

D =

⎛

⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

d1,1 d1,2 . . . d1,nb d1,nb+1 . . . d1,nb+ng

d2,1 d2,2 . . . d2,nb d2,nb+1 . . . d2,nb+ng

...
...

. . .
...

...
. . .

...

dnb,1 dnb,2 . . . dnb,nb dnb,nb+1 . . . dnb,nb+ng

dnb+1,1 dnb+1,2 . . . dnb+1,nb 0 . . . 0

...
...

. . .
...

...
. . .

...

dnb+ng,1 dnb+ng,2 . . . dnb+ng,nb 0 . . . 0

⎞

⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠

. (25)
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TABLE I
PARAMETER DEFINITION

Number of beams nb
Number of GWs ng
Number of repetitions of frequency nr
Number of user links going through the digital channelizer nuc
Number of user links going through the bent-pipe part nub
Number of feeder links going through the digital channelizer nfc
Number of feeder links going through the bent-pipe part nfb
Number of ports of the digital channelizer np
Frequency bandwidth of the channel bw
Frequency bandwidth for uplinking BWU
Frequency bandwidth for the feeder link (uplinking) BWFU

Frequency bandwidth for the user link (uplinking) BWUU

Frequency bandwidth for the feeder link (uplinking) from GW i BW i
FU

Frequency bandwidth for the user link (uplinking) from beam i BW i
UU

Number of channels for the feeder link (uplinking) from GW i CHi
FU

Number of all channels for the feeder link (uplinking) CH all
FU

Number of channels for the user link (uplinking) from beam i CHi
UU

Number of all channels for the user link (uplinking) CH all
UU

Frequency bandwidth for downlinking BWD

Frequency bandwidth for the feeder link (downlinking) BWFD

Frequency bandwidth for the user link (downlinking) BWUD

Frequency bandwidth for the feeder link (downlinking) to GW i BW i
FD

Frequency bandwidth for the user link (downlinking) to beam i BW i
UD

Number of channels for the feeder link (downlinking) to GW i CHi
FD

Number of all channels for the feeder link (downlinking) CH all
FD

Number of channels for the user link (downlinking) to beam i CHi
UD

Number of all channels for the user link (downlinking) CH all
UD

Number of allocated channels from beam i to beam j chuu
ij

Number of allocated channels from beam i to GW j chuf
ij

Number of allocated channels from GW i to beam j chfu
ij

The traffic accommodation rate represent the rate of channels
that the system can allocate to the demand. When this value
is close to 1, this means that the system can accommodate a
large amount of traffic demand. When a system can allocate
the same number of channels against the demand, the traffic
accommodation rate is 1. However, the system has to satisfy the
constraints shown in (20)–(23), so this value is not always 1.

In this research, a channel allocation method was adopted for
the satellite communication system that maximizes the traffic ac-
commodation rate. The number of channels allocated by the sys-
tem is determined by linear programming [31]. The constraints
have already been given in (20)–(23). To maximize the traf-
fic accommodation rate with the requested number of channels
given, this is equivalent to maximizing the number of allocated
channels while satisfying the constraints, as given in (20)–(23).
In addition, to prevent the allocation of more than the number
of required channels, we added the following constraints:

chuu
ij ≤ dij , (i = 1, 2, . . . , nuc + nub, j = 1, 2, . . . , nb) (27)

chfu
ij ≤ dij , (i = 1, 2, . . . , nfc + nfb, j = 1, 2, . . . , nb) (28)

chuf
ij ≤ dij . (i = 1, 2, . . . , nuc + nub, j = 1, 2, . . . , ng) (29)

Equations (27)–(29) are conditions for preventing more chan-
nels being allocated than requested. Allocation is performed to
satisfy the requirement for beam-to-beam, beam-to-GW, and

GW-to-beam communications. In the Appendix, we explain
about the liner programing.

IV. PERFORMANCE EVALUATION

In this section, we first discuss the flexibility required by a
satellite communication system and then explain the system
analysis model. Furthermore, we explain the results of our
evaluation.

A. Flexibility Analysis Model

The flexibility of a communication system is defined as the
system’s ability to adapt to changing conditions. Therefore, we
have to define these conditions in order to evaluate the flexibil-
ity of the system. Evaluations that include condition transition
cannot be performed even if it is possible to evaluate the system
performance under each condition with the conventional eval-
uation method. By constructing a system analysis model with
parameters that express the state change and system perfor-
mance, it is possible to evaluate the performance including the
condition transition, i.e., flexibility evaluation. In this research,
we considered two parameters to determine the conditions. To
evaluate the communication system, it is necessary to evaluate
the system performance under all possible conditions. This is be-
cause highly flexible systems are required to maintain high per-
formance under any condition. Therefore, the evaluation space
was determined by setting upper and lower bounds for each
parameter. By evaluating the system performance in the eval-
uation space, we evaluated the flexibility. To compare several
systems, we defined an evaluation index that we called the flex-
ibility index. The flexibility index is determined by volume
integration of the system performance in the evaluation space.
When the flexibility index is close to 1, this means that the
system can demonstrate high performance under any condition.

A satellite communication system is required to provide com-
munication for any communication demand. Thus, we adopted
the traffic accommodation rate, which is defined in (24), to rep-
resent the system performance. To evaluate the improvement in
the flexibility, we evaluated the difference in the traffic accom-
modation rate compared to a bent-pipe system.

B. Parameter Settings

In this analysis, we evaluatedthe extent to which the satellite
communication system can accommodate traffic when the traffic
to each destination varies. In addition, to investigate the variation
in traffic and total traffic, the traffic generated by each beam and
GW was defined by using the average value of the number
of required channels and the range of variation. We used the
average number of required channels µ by the beam and GW
and the variance range Δµ in the number of required channels
as parameters. Because it directly affects the flexibility of the
satellite system, the number of required channels was used as
a parameter. For each beam and GW, the number of required
channels is generated from µ − Δµ to µ + Δµ. At this time, the
dispersion of traffic is given by the range of variation and the
probability of occurrence therein, and the uniform distribution
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TABLE II
PARAMETER SETTINGS 1

Number of beams (nb) 10
Number of GWs (ng) 2
Number of repetitions of the frequency (nr) 4
Frequency bandwidth of the channel (bw) [MHz] 2.5
Frequency bandwidth for uplinking (BWU) [MHz] 750
Frequency bandwidth for downlinking (BWD) [MHz] 750
Frequency bandwidth for the feeder link (uplinking) (BWFU) [MHz] 250
Frequency bandwidth for the feeder link (downlinking) (BWFD)
[MHz]

250

Frequency bandwidth for the user link (uplinking) (BWUU) [MHz] 500
Frequency bandwidth for the user link (downlinking) (BWUD)
[MHz]

500

Frequency bandwidth for the feeder link (uplinking) from GW i
(BW i

FU) [MHz]
250

Frequency bandwidth for the user link (uplinking) from beam i
(BW i

UU) [MHz]
250

Frequency bandwidth for the feeder link (downlinking) to GW i
(BW i

FD) [MHz]
250

Frequency bandwidth for the user link (downlink) to beam i
(BW i

UD) [MHz]
250

TABLE III
PARAMETER SETTINGS 2

Case

1 2 3 4

µ 5–15 5–15 8 5

Δµ 1 5 1–5 1–5

np 2,4,6,8,10,12

gives the largest variation among the set variation range. By
setting a distribution with the largest variation for the range of
variation, it is possible to evaluate a system that can cope with
any state. Thus, we used a uniform distribution. The number of
required channels is expressed as follows:

D = {dij |µ − Δµ ≤ dij ≤ µ + Δµ, dij ∈ N}. (30)

The upper bound of the average number of required channels
is µmax, and the lower bound is µmin. The upper bound of the
variance range of the number of required channels is Δµmax,
and the lower bound is Δµmin. Then, the flexibility index is
expressed by (26). In this analysis, we set µmax is 15, µmin is
5, Δµmax is 5, and Δµmin is 1. Other parameter settings are
summarized in Table II. Although it is sufficient for the satellite
communication system provider to set appropriate parameters
according to the purpose, these values were set as an example
for confirming whether the analysis model functions properly.

To evaluate the flexibility index, the total traffic accommo-
dation rate in the evaluation space is needed. Therefore, we
evaluated the total traffic accommodation rate in the evaluation
space. To clearly show the effect of the average number of re-
quired channels and the variance range of the number of required
channels on the traffic accommodation rate clearly, we present
four different cases with different values of µ and Δµ. The
combinations of these parameters are summarized in Table III.

Fig. 6. Improvement in traffic accommodation rate with a fixed Δµ. (a) Case
1 (Δµ = 1). (b) Case 2 (Δµ = 5).

C. Evaluation Results

Figs. 6 and 7 show the differences in the traffic accommoda-
tion rate for the bent-pipe satellite system and satellite with a
digital channelizer. Fig. 6(a) represents Case 1, where the vari-
ance range of the number of required channels is small. This
means that the numbers of required channels for the beam and
GW are almost the same. In this case, the overall improve-
ment in the traffic accommodation rate is small. In addition, the
traffic accommodation rate does not improve at µ = 7. In this
analysis, because the frequency bandwidth for the beam and
GW is 250 MHz and the frequency bandwidth of a channel is
2.5 MHz, each beam and GW is allocated 100 channels. Each
beam and GW allocate these channels to each destination beam
and GW, so there are 12 destination beams and GWs. Thus,
each destination beam and GW is allocated eight channels by
the bent-pipe satellite. Therefore, the bent-pipe satellite can ac-
commodate all traffic unless the number of required channels to
each destination beam and GW exceeds 8. In Case 1, when the
average number of required channels is 7, the possible number
of required channels is 6–8. This is because the variance range
of the number of required channels is 1. In this case, the num-
ber of required channels does not exceed 8, so the bent-pipe
satellite can accommodate all traffic, and the digital channelizer
does not improve the traffic accommodation rate. After the av-
erage number of required channels becomes 7, the amount of
improvement in the traffic accommodation rate increases for all
port numbers of the digital channelizer. Then, when the average
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Fig. 7. Improvement in traffic accommodation rate with fixed µ. (a) Case 3
(µ = 8). (b) Case 4 (µ = 5).

number of required channels is further increased, the amount
of improvement in the traffic accommodation rate decreases.
Because the total number of required channels is large against
the improvement in the traffic accommodation rate with the
digital channelizer, the improvement in the traffic accommoda-
tion rate becomes small. We confirmed that the improvement
of the traffic accommodation rate increases with the number
of ports of the digital channelizer. Fig. 6(b) represents Case 2,
where the variance range of the number of required channels
is large. The improvement in the traffic accommodation rate is
greater than that of Case 1. This is because the satellite system
with the digital channelizer can accommodate greater traffic
demand by flexible channel allocation, even if the number of re-
quired channels varies widely. Similar to Case 1, as the number
of ports of the digital channelizer increases, the traffic accom-
modation rate improves. The difference in improvement of the
traffic accommodation rate with an increasing port number of
the digital channelizer is large compared with Case 1. The peak
improvement in the traffic accommodation rate is obtained when
the average number of required channels is 8. In this case, the
total required number of channels is close to the system capac-
ity, and the digital channelizer is used most effectively. Beyond
this value, the total required number of channels is too large
for both the system with a digital channelizer and the bent-pipe
system to accommodate. Thus, the difference in improvement
of the traffic accommodation rate decreases.

We now present the results of cases with a fixed average num-
ber of required channels and different values for the variance
range of the number of required channels. Fig. 7(a) represents

Fig. 8. Flexibility index.

Case 3, where the average number of required channels is 8. This
case achieves the highest improvement in traffic accommoda-
tion rate as noted previously. The improvement in the traffic
accommodation rate increases with the variance range of the
number of required channels as well as with the number of ports
of the digital channelizer. Fig. 7(b) represents Case 4, where
the average number of required channels is 5. In the case of
µ = 5, unless the variance in the number of channels exceeds
3, the required channels for each destination beam and GW is
not over 8. Thus, the traffic accommodation rate does not im-
prove up to Δµ = 3. Even when the variance in the number of
channels exceeds 3, the improvement in the traffic accommoda-
tion rate is small compared with Case 3. From these results, the
improvement in the traffic accommodation rate increases with
the variance range of the required number of channels. In addi-
tion, when the average required number of channels is large, the
improvement in the traffic accommodation rate become large
even if the variance range of the required number of channels
stays the same. This is because the variance range of the number
of required channels has a significant impact when the average
number of required channels is close to the system capacity.

Fig. 8 shows the flexibility index, which we presented in
a previous subsection. In this research, the number of input
antennas (i.e., the sum of the number of beams of the user link
and the number of feeder links) was set to 12, so the upper
limit of the number of ports of the channelizer was 12. This
result shows that the flexibility index increases with the port
number of the digital channelizer. In this analysis, because the
system with one port for the digital channelizer has the same
flexibility index as the bent-pipe system, the results of the bent-
pipe satellite have been omitted. When the system has only one
port for digital channelizer, the system is strictly limited by
the part of the bent-pipe mode, and there is no flexibility. We
confirmed that the full channelizer satellite system improves the
flexibility index by 5% compared with the bent-pipe system.
From the above analysis, we confirmed that the flexibility of a
satellite communication system can be quantitatively evaluated
with the constructed system analysis model.

V. CONCLUSION

Although flexibility is strongly required for the next genera-
tion of satellite communication systems and the development of
technology for flexible utilization of communication resources
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is actively ongoing, a system analysis model for quantitatively
evaluating flexibility has not been established. In this research,
we developed a system analysis model for quantitatively evalu-
ating the flexibility of a satellite communication system and ver-
ified the flexibility of a hybrid transponder that shares a digital
channelizer and the bent-pipe mode. We showed that the flexi-
bility of hybrid satellite communication system can be quanti-
tatively evaluated with the constructed system analysis model.

APPENDIX

In this section, we describe the algorithm of the linear pro-
gramming method used to optimize the channel allocation. We
consider the following primal linear program:

max
n∑

i=1

cixi (31)

s.t.
n∑

j=1

aijxj ≤ bi (i = 1, 2, . . . , m) (32)

xi ≥ 0 (i = 1, 2, . . . , n) (33)

bi ≥ 0 (i = 1, 2, . . . ,m) (34)

Equation (31) represents the objective function, and xi repre-
sents the value to be determined, or the number of allocated
channels. (32) represents the constraint condition. In this paper,
constraints on the number of uplink channels and constraints on
the number of downlink channels correspond to this equation.
There are several methods for solving linear programming, but
here we explain the simplex method. In the simplex method, the
following equations are used to maximize the objective function:

Nk (j) = j. (j = 1, 2, . . . , n) (35)

Bk (i) = n + i. (i = 1, 2, . . . ,m) (36)

Dk =

⎛

⎜⎜⎜⎜⎝

ck
0 ck

1 ck
2 . . . ck

n

bk
1 ak

11 ak
12 . . . ak

1n

...
...

...
. . .

...

bk
m ak

m1 ak
m2 . . . ak

mn

⎞

⎟⎟⎟⎟⎠
. (37)

Here, k is a counter representing the number of repetitions.
Bk (i) is the suffix of the ith basic variables obtained by the kth
iteration, and Nk (j) is the suffix of the jth non-basic variables

obtained by the kth iteration. Dk is the coefficient matrix of the
dictionary obtained by the kth iteration. First, these values are
initialized with k as 0.

A. Step1: Optimality judgment

A suffix s is chosen such that ck
s > 0. If such a suffix does not

exist, the maximization of the objective function is achieved, so
the algorithm ends here.

B. Step2: Non-solvency judgment

In order to maximize the objective function while satisfying
the constraint conditions from the current basic solution, the
non-basic variable xN k (s) is increased as much as possible.
That is, a row r satisfying (38) is obtained:

− bk
r

ak
rs

= min
{
− bk

i

ak
is

: ak
is < 0, 0 ≤ i ≤ m

}
, ak

rs < 0. (38)

In the absence of r that satisfies (38), because the objective func-
tion is increased without an upper bound, the line programming
method ca not be solved, so the algorithm is terminated. When
r exists, a pivot operation centered on (r, s) is performed. Dk

before the pivot operation is performed as expressed by (39),
and Dk+1 after the pivot operation is expressed by (40) shown
at the bottom of this page.

Dk =
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. (39)

Then, Nk+1 and Bk+1 are set as follows, and the procedure
returns to step 1 with k as k + 1.

Nk+1(s) = Bk (r). (41)

Bk+1(r) = Nk (s). (42)

Dk+1 =
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Nk+1(j) = Nk (j). (∀j �= s) (43)

Bk+1(i) = Bk (i). (∀i �= r) (44)

By advancing the calculation like this, xi that maximizes the
objective function can be obtained.
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