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1.   Introduction

Several natural disasters such as large earthquakes, 
giant tsunamis, and large hurricanes have recently 
occurred in the world and there is strong demand for 
a system that can predict the occurrence of natural 
disasters and reduce the damage inflicted by them. In 
meeting this demand, nationwide or region-wide sen-
sor networks that gather environmental sensor data 
are expected to play key roles. 

Satellite communications has the inherent capabil-
ity to offer a good solution for this type of applica-
tion. However, conventional satellite communications 
systems cannot cope efficiently with small amounts 
of data transmitted from large numbers of data-sens-
ing stations (DSSs). They waste satellite transponder 
bandwidth on small-size data because (�) conven-
tional access control schemes, including both random 
access and demand assignment schemes, are ineffi-
cient at handling large amounts of small-size data and 
(2) guard bands that are wider than the data band-
widths are required because of the inadequate fre-

quency stability of local oscillators in DSSs. To 
address these problems, we have proposed a hyper 
multi-point data gathering satellite communications 
system that offers highly reliable, extremely wide 
coverage and a cost-efficient sensor network infra-
structure.

To better utilize the satellite transponder band-
width, our system uses dynamically assigned fre-
quency division multiple access (FDMA) combined 
with a highly efficient and flexible channel allocation 
scheme. In this scheme, DSSs transmit signals using 
various frequency slots and time slots simultaneously. 
To receive/send such signals, a novel modem for a 
data-gathering station (DGS) that can demodulate 
hundreds of arbitrarily assigned multicarrier signals 
and a precise frequency control scheme for DSSs 
have been developed. This article describes our 
developed technologies and the results of field trials 
for evaluating system feasibility.

2.   Hyper multi-point satellite  
communications system

The concept is shown in Fig. 1, and major system 
features are listed in Table 1. The basic procedure of 
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Fig. 1.   Hyper multi-point data-gathering satellite communication system.

No. of sensor stations

System bandwidth

Frequency band

Multiple access

Carrier spacing (RTL)

Carrier bandwidth

Time slot length (RTL)

Modulation

Channel filter

Forward error correction

Layer 2 protocol

Layer 3 and higher layer protocols

1 kHz (min.)

From 1 kHz to several-hundred kilohertz

1 s

BPSK, QPSK

Root roll-off, α=0.2

Turbo product code (R=0.66)

Dedicated

UDP/IP

BPSK: binary phase key shifting
QPSK: quadrature phase key shifting
TDM: time division multiplexing
UDP/IP: user datagram protocol, Internet protocol

No. of carriers

Tens of thousands

1−10 MHz

2-GHz band

FDMA (RTL), TDM (FWL)

FWL 1 (per system)

RTL 1 (per DSS)
Several hundreds per system

Table 1.   System features.
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our system is as follows: (�) A sensor network man-
agement server administers the sensor network and 
knows DSS characteristics such as data amount and 
observation period. On the basis of these characteris-
tics, the sensor network management server requests 
an access controller to assign a set of channels for the 
DSSs. (2) The access controller pre-assigns channel 
resources, i.e., time and frequency slots, to each DSS 
as a timetable, which is optimized by the optimal 
resource assignment algorithm. The DGS then sends 
the timetable to each DSS through the forward link 
(FWL) channel. The FWL channel is also used as a 
frequency and timing reference of the system. (3) The 
DSSs transmit their sensor data through the return 
link (RTL) traffic channel by referring to the above-
mentioned information provided by the FWL chan-
nel. (4) The transmitted data is finally aggregated by 
the sensor network management server, which deliv-
ers information to customers via terrestrial networks 
such as the Internet. To minimize the antenna size, 
equipment size, and DSS power consumption, a 
mobile satellite service band such as the S-band is 
preferable. Unfortunately, this band has a very limited 
bandwidth of 35 MHz. Therefore, the main feature of 
our system is that all DSSs, which synchronize their 
frequencies with a high degree of accuracy, can uti-
lize a narrow bandwidth to gather a large amount of 
data efficiently. To achieve this, we have developed 
three novel technologies [�], [2], which are explained 
below:

• highly efficient channel allocation algorithm,
•  dynamic and collective demodulation for DGS, 

and
•  highly accurate frequency synchronization for 

DSS.

3.   New technologies

3.1   Channel allocation algorithm
Considering the number and variety of sensors 

involved, our channel allocation scheme must handle 
a wide variety of sensing data transmission character-
istics while securing reliable transmission by avoid-
ing data collisions on the satellite link. Major sensing 
data acquisition conditions were surveyed and are 
summarized in Table 2. There is a wide variety of 
data sizes and data acquisition intervals for each of 
the measurements taken.

Data generation timing is roughly designated 
before data sensing begins. Consequently, it is hoped 
that channel pre-assignment will increase the fre-
quency utilization efficiency and make it possible to 
accommodate more DSSs. As shown in Fig. 2(a), the 
simplest way of making the timetable is to pre-assign 
a channel exclusively to each DSS regardless of its 
data acquisition interval. This method, however, 
wastes the frequency and time slots.

To effectively use the timetable’s vacant slots, we 
rearrange the timetable by using an optimization 
algorithm. It uses a heuristic approach based on a 
multi-start local search [3] combined with the greedy 
method [4]. The procedure is as follows:

Step 1. The transmission data is first classified into 
several groups depending on data acquisition condi-
tions, and each group is assigned to a different num-
ber of time slots.

Step 2. The transmission timing of each data item 
is moved within its permissible delay time to an 
appropriate frequency and time slot to minimize total 
transmission bandwidth by using the greedy method. 
This step is carried out group by group.

Step 3. Steps � and 2 are repeated N times. At the 
same time, the multi-start local search is changing the 
data classification to reduce the total transmission 
bandwidth (see Fig. 2(b)).

As a result, we can obtain the timetable shown in 
Fig. 2(c), in which the frequency and bandwidth of 
the transmitted signals are arbitrarily changed time 
slot by time slot. For example, with our algorithm, the 
number of unused frequencies and time slots in the 
timetable is less than 5% when the number of DSSs 
is more than ten thousand.

3.2   Dynamic and collective demodulation
To enable the demodulation of hundreds of arbi-

trarily assigned multi-carrier signals, a novel modem 
for the DGS was developed, as shown in Fig. 3. This 
modem’s module uses a fast Fourier transform (FFT) 

System bandwidth
Uplink

Downlink

Modulation, forward error correction

FWL bandwidth

RTL bandwidth

Channel spacing

Earth station EIRP

DGS frequency stability

DSS frequency stability

2.501988−2.503 GHz

2.656988−2.658 GHz

QPSK/turbo product, R=0.66

64 kHz

1–512 kHz (9 steps)

1 kHz min.

33.4 dBW max.

< 5×10-11

EIRP: effective isotropic radiated power

10-6

Table 2.   Example of sensing data acquisition conditions.
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type of block frequency demultiplexer as well as a 
multi-carrier burst modem with time-sharing opera-
tion.

The principle configuration of the FFT-type block 
frequency demultiplexer is shown in Fig. 4. The 
received signal is converted into the frequency 
domain by FFT. Next, it is separated directly in the 
frequency domain and filtered. Finally, the separated 

components are individually reconverted to the time 
domain by using variable-length inverse FFT (IFFT). 
Arbitrarily and dynamically allocated signals are 
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Permissible delay of A

Data acquisition interval of A

Time slot
0 1 2 3 4

A A A A
D D D D

Time slot
0 1 2 3 4 5 6 7 8

CC BBBBC

Group 1

Group 2

Time slot
0 1 2 3 4 5 6 7 8

A A
D D D D

B B BBC C C

A A

(c) Optimized channel-scheduling timetable

(b) Channel assignment  group by group

Repeat N times

Minimized 
bandwidth

Bandwidth
reduced

Change
grouping

Steps 1 to 2

Step 3

Step 4

Fig. 2.   Timetable rearrangement.

483 mm

Fig. 3.   Front view of DGS modem.

FFT

Frequency-
domain filter

Frequency-
domain filter

Variable-length
IFFT

Variable-length
IFFTC

ha
nn

el
 e

xt
ra

ct
or

Fig. 4.   Principle of FFT-type block frequency demultiplexer.
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freely multiplexed in the frequency domain, and the 
variable-length IFFT circuits can handle hundreds of 
signals simultaneously with small-scale circuits.

3.3   Frequency synchronization
To control the transmission frequency of the DSS 

with high accuracy, and thus allow the guard band to 
be narrowed, we developed a frequency synchroniza-
tion scheme, as shown in Fig. 5. First of all, the DGS 
receives its own FWL channel via a satellite. It then 
controls the FWL channel frequency by applying 
closed-loop transmission automatic frequency con-
trol to compensate for frequency error (DFsat) caused 
by the satellite transponder. As a result, the frequency 
error of FWL from the satellite becomes nearly equal 
to zero.

Therefore, each DSS can detect the reception fre-
quency error (DFro) of its own equipment by refer-
ring to the FWL frequency. The transmission fre-
quency error DFto is deduced from DFro by multiply-
ing DFro by the uplink/downlink ratio Fu/Fd, as 
shown in Fig. 5. Consequently, the transmission fre-
quencies of all DSSs are synchronized with high 
accuracy. Moreover, the guard band can be narrowed 
without using special oscillators such as rubidium-
based devices for each DSS.

4.   Field trial

4.1   Configuration
To evaluate the system’s feasibility, we have carried 

out field trials using the ETS-VIII (Japanese Engi-
neering Test Satellite VIII) [5]. As shown in Fig. 6, 
two DSSs located 350 km apart were used to verify 
the technical feasibility. The DGS, DSS, and earth 
station antenna used in the test are overviewed in 
Fig. 7. To suppress the system cost, a temperature 
compensated crystal oscillator, which is generally 
used in cellular phones and has frequency accuracy 
on the order of �0-6, was used in each DSS. In the 
DGS, a rubidium oscillator was used to ensure highly 
accurate FWL signals. The access controller and the 
sensor network management server were connected 
to the DGS modem through the router.

4.2   Frequency accuracy
The FWL frequency error at the DGS receiver input 

side is shown in Fig. 8. It is clear that the frequency 
error is less than 0.2 Hz. In the S-band, this frequency 
accuracy is on the order of �0-��. This result, there-
fore, shows that our technique achieves high FWL 
frequency precision by removing frequency error fac-
tors such as a satellite’s Doppler shift.

Next, DFro on DSSs detected from the FWL signal 
and the frequency error of the RTL signal of DGS 
input are shown in Figs. 9 and 10, respectively. In 
Fig. �0, L, M, and H on the horizontal axis show the 
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Fig. 5.   Principle of high-accuracy frequency synchronization.
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center frequencies of the RTL, i.e., the bottom, mid-
dle, and top of the system bandwidth, respectively. In 
Fig. 9, we can see that DFro values were several hun-
dred hertz and fluctuated over time. These errors are 

reasonable because the DSS’s local oscillator stability 
was on the order of �0-6. Despite the large frequency 
errors in DSS, the RTL frequency errors at the DGS 
receiver input were within ±2 Hz. This frequency 

DSS1 (Tateyama)
used sailing ship sensor data

ETS-VIII

DSS2 (Keihanna)
used simulated sensor data

DGS (Yokosuka)

Fig. 6.   Field test configuration.
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Fig. 7.   Equipment used in the field trial.
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accuracy is on the order of �0-�0. Therefore, the effec-
tiveness of our technique was confirmed.

4.3   Transmission performance
Since the timetable (Fig. 11(a)), made out of seven 

time slots, was applied repeatedly, the spectrogram of 
the RTL signals shown in Fig. 11(b) indicates that 
each DSS successfully transmitted the RTL signal in 
sync with the timetable. The bit error rate (BER) 
characteristics of the RTL signal were measured 
under the condition that the bandwidth and frequency 
were dynamically controlled. As shown in Fig. 12, 
the degradation in BER characteristics, in terms of 
the ratio of the energy per bit to noise power spectral 
density (Eb/N0), was less than � dB compared with 
the simulation result. Packet transmission test results 
using four timetable patterns are shown in Table 3. 
Four timetables (A, B, C, and D) allocated different 
amounts of resources to DSS� and DSS2, so that they 
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achieved various throughput values. As we can see, 
all packets were received without any packet loss, and 
throughput was nearly equal to the allocated capacity. 
These results show that our system worked as expect-
ed and confirmed the system’s effectiveness.

5.   Conclusion

We carried out a field test of our hyper multi-point 
data gathering satellite communications system. The 
system features an optimal resource assignment algo-
rithm for various types of sensor data, a highly accu-
rate frequency synchronization scheme, and a 
dynamically assigned frequency division multiple 
access scheme. These enhance the frequency utiliza-
tion efficiency of a satellite-aided sensor network.

Fig. 11.   Timetable performance.

Frequency slot (kHz)

(a) Transmitted timetable

0

1

2

3

Time slot
(s)

4

5

6

128 256 384 512 556

DSS1
Tateyama

DSS2
Keihanna

(b) Spectrogram at DGS input

0
0

2

4

6

0

2

4

6

128 256 384 512 640 768 896 1024

Frequency slot (kHz)

Time slot
(s)

FWL

RTL

10–2

B
E

R

10–3

10–4

10–5

10–6

10–7

2.0 3.0 4.0 5.0

Eb/N0 (dB)

6.0

DSS 1
DSS 2

Simulation

Fig. 12.   BER characteristics.

Test condition

Timetable

A

B

C

D

DSS Assigned capacity
(kbit/s)

Packet length
(byte)

1

2

1

2

1

2

1

2

12.8

163.8

163.8

12.8

2.6

20.5

20.5

2.6

320

1514

1514

320

320

720

720

320

Packet interval
(s)

Measured throughput
(kbit/s)

Results

No. of packets

0.2

0.077

0.077

0.2

1

0.333

0.333

1

Tx

3012

7888

7832

3044

561

1083

1085

600

Rx

3012

7888

7832

3044

561

1083

1085

600

12.8

156.5

156.5

12.8

2.5

17.2

17.2

2.6

Table 3.   Throughput of packet transmission.
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