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This paper shows the results of data analysis obtained by OICETS during international opti-
cal communication campaign. Scintillation Index, Probability Density Function, FFT analysis,
and Normalized Covariance analysis were carried out using received FPS signal of LUCE on-
board OICETS to identify any specific characteristics difference between 4 OGS distributed on
the Earth. The analysis of BER characteristics of Uplink was also carried out to investigate the

link quality.
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1 Introduction

Experiments of optical communications
between a ground station and a satellite were
conducted using the Optical Inter-orbit Com-
munications Engineering Test Satellite
(OICETS), a low earth orbit satellite. An opti-
cal detector mounted on OICETS can be com-
monly used to receive laser beams from two or
more ground stations in different locations on
the earth. This indicates that it might be possi-
ble to clarify the difference in the atmospheric
fluctuations in the different locations of ground
stations by comparing the characteristics of
the signals received from the stations. The op-
tical communications experiments were con-
ducted with OICETS and the optical ground
stations (OGS) of the German Aerospace Cen-
ter (DLR), European Space Agency (ESA), Jet
Propulsion Laboratory of the National Aero-
nautics and Space Administration (JPL/
NASA), and National Institute of Information
and Communications Technology (NICT). In
this paper we show the results of analysis the
measurement data obtained by the OICETS in
the uplink experiments from the ground sta-
tions to the satellite.

2 Locations of ground stations in
experiments

Table 1 shows the locations, latitudes, lon-
gitudes, and heights above sea level of the
ground stations of the agencies that joined the
experimentst 1= 40 Every station is located
between the latitudes 28° and 48° in the north-
ern hemisphere. The DLR ground station is lo-
cated on the European Continent and can be
used for experiments at a relatively-low eleva-
tion angle (of several degrees). The other sta-
tions are all located near the ocean. The ESA
and JPL stations are located more than 2,000 m
above sea level, where low atmospheric
fluctuations are expected. There is in fact an
observatory nearby to take advantage of the
geography. The elevation angle of the satellite
in the experiments, although it varies depend-

1F-]0)[=1:}| Comparison of location conditions of

optical ground station

Organization Location Latitude | Longitude | Altitude
DLR | Oberpfaffenhofen | 48.08°N | 11.27°E | 645m
ESA Tenerife Island | 28.30°N | 16.51°W | 2,393 m
JPL Table Mountain | 34.38°N | 117.66°W | 2,200 m
NICT Koganei 3571°N [ 13949°E | 122m
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ing on the orientation at the start of the experi-
ments, was 0° for the DLR and ESA stations,
20° for the JPL station, and 15° for the NICT
station.

3 Data analysis

3.1 Data obtained from OICETS

Laser Utilizing Communications Equip-
ment (LUCE) mounted on the OICETS re-
ceives optical signals from the ground stations
using its three optical detectors: Coarse track-
ing and pointing sensor (CPS), fine tracking
and pointing sensor (FPS), and optical receiver
(OPR RX). The FPS uses a relatively high
sampling frequency of 1024 Hz, since it can
always receive light signals irrespective of the
presence/absence of modulation. Therefore the
FPS, among the above optical detectors, out-
puts the most appropriate signals to analyze
the influence of atmospheric fluctuations. In
this paper we therefore analyze the signal in-
tensity detected by the FPS.

3.2 Analysis method

The referencen so shows the analysis re-
sults from the experimental data obtained in
the bidirectional optical communications be-
tween the ground station and OICETS con-
ducted by NICT. We also make a similar anal-
ysis in this paper to find a difference in the
characteristics of various measured data ob-
tained from the different ground stations. In
particular we made an analysis of the follow-
ing five items. In order to prevent functional
limitations of the signal processing of the FPS,
the analysis was made mostly for data where
the output was not saturated.
(1) Scintillation index (SI): SI is a normalized
variance of the intensity fluctuation of the re-
ceived light. Larger SI corresponds to larger
intensity fluctuation. We used Equation (1) for
0.5-second data.

2 <UIP>-<I>? <>

of = -1 (1)

<I>?2  <I>?

Here [ represents the intensity of the re-
ceived light and < > the ensemble average.
(2) Probability density function PDF: Using

1-second data in the time that corresponds to a
given elevation angle, the probability was cal-
culated for the intensity normalized with the
average value.

(3) Frequency analysis FFT: Analysis was car-
ried out for a set of 2'° data, which was picked
up from l-second data in the time that corre-
sponds to each elevation angle.

(4) Autocovariance function: Analysis was
made with 0.1-second data for each elevation
angle. The following calculation formula was
used.

K(t,s) = E[(lt - .ut)(ls - .us)]

=E[l - I] = pe - ps @

Here, E is an expectation operator, and g,
and u, are averaged values. The above equa-
tion was then normalized with the dispersion
o’ and presented in a graph as autocorrelation
coefficients. The time difference t-s of the two
data sets is 0.1 seconds.

In addition to the above, the following

item was also analyzed for the communication
link quality evaluation.
(5) Bit error rate BER: The pseudo noise (PN)
codes sent from the ground stations were re-
ceived at the optical detector. The BER was
then calculated from the error count of the de-
modulated PN signals. The BER was evaluat-
ed using the data of the error rate in 1 second.

3.3 Extraction of FPS and BER data for

analysis

Table 2 shows the established optical links
in the campaign. The table shows the agencies,
experiment dates, experiment period (planned
period), minimum/maximum satellite eleva-
tion angles during the experiment, time rates
of unsaturated effective FPR data, and FPS
and BER data analysis (“Y” if analysis was
conducted). Since the experiment with the
DLR ground station used unmodulated uplink
signals, BER analysis was not conducted for
this case. For the same reason, BER analysis
was not carried out for the experiment using
the ESA ground station.
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TF:]0)[=%4 List of established optical links 4 Analysis results

Duration EL.‘ Angle Effective FPS
0GS | Date | o l\é‘aﬂe};’%" FPS Data | b | BER 4.1 Scintillation index (SI)
200/07/01 | 4:14 11/57 800 | Y Figure 1 shows an example of the analysis
pLR |ZO09/08119 | 427 335 | 00 | ¥ results, obtained from the analysis of the data
20090821 | 543 10127 50 | Y . .
20090828 | 443 4749 »0 |y measured with the DLR station on September
2009/07/08 | 8:06 023 30 [y 1, 2009 in Table 2. The upper figure shows the
2009/07/10 | 8:48 039 60 | Y time variation of the power of the light re-
200907/15 | 3:15 0/52 00
pgp | 20090722 | 6119 0/53 50
20090729 | 7:13 0/19 920 | Y
20090731 | 417 031 120
2009/09/11 | 723 0/20 00 PU—— L
2009/09/16 | 441 079 00 Gy
20090521 | 2:29 20/61 140 . mmw
[p |2009/06/02 | 1:39 2000 | 1000 | Y L. ‘ :
2009/06/04 | 2:16 20/83 00 | Y g [
200906/11 | 2:15 20/51 750 [ Y | Y ' ‘ |
2008/11/13 | 538 15/56 M0 Y " L
2008/11/18 | 5:04 15138 400 e T s sl B e e w0 s
2008/1120 | 4:04 15/24 800 LR 0080701 518065 EL A
2008/12/02 | 530 18/34 600 I A I O
2008/12/04 | 5:30 22/58 50 | Y SRS N O SO SO S ) RO o
2008/12/11 | 436 15/24 150 Y 3 TE
NICT | 2008/12/16 | 2:30 23/89 300 5 LE
2008/12/18 | 5:56 20/54 80 g o 3
2008/12123 | 5:36 18126 250 T °
2009/01/13 | 5:49 18/36 200 T ; | R
200901/15 | 635 22/62 180 TE e e w ow mow e oW W om oW ow
2009/0120 | 5:46 14/24 800 Y
2009/0423 | 2:05 2481 100 Y Analysis example of Scintillation index
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ceived at the FPS. The power was saturated
above —57 dBm. The lower shows the SI,
which is calculated from the FPS output data.
The red line in the figure shows the satellite
elevation angle at the OGS. As seen in Fig. 1,
the SI decreases as the elevation angle increas-
es for any OGS.

As in Fig. 1, the experiments that have “Y”
in the FPS analysis field of Table 2 were ana-
lyzed. The results are summarized in Fig. 2,
where, for each OGS, the same symbols are
used for experiments conducted on different
dates.

The characteristics of the data were com-
pared between the ground stations using the
results of Fig. 2. Although the number of ex-
periments of each OGS were limited and the
experiment dates were different, it could be
found that, for small elevation angles (20°—
30°), the experiment result for the DLR station
showed a smaller SI than those for the other
stations. It was difficult to find a characteristic
difference in the experiment results for the
other optical ground stations.

4.2 Probability density function (PDF)
The 7/1/2009 data for the DLR station was
analyzed at every 10° of the elevation angle
from 15° to 55° and the results are shown in
Fig. 3. The analysis of the data for the other
stations showed the same results as that for the
DLR station and no characteristic difference

:[ —e— elevation 15 deg |
*| = elevation 25 deg |]
_____ °| = elevation 35 deg
----- 77| =+ elevation 45 deg ]

L | 7" elevation 55 deg | |

Probability density function

10° 10
Normalized intensity

PDF analysis results for DLR station
(7/1/2009)

between stations was found.

With an assumption of a lognormal distri-
bution, a theoretical formulao 6o for the PDF in
the presence of weak disturbance was applied
to the SI data for each elevation angle. The
calculation results are shown in Fig. 4. The
curves in Figs. 3 and 4 have similar shapes.

0= — )y 3)
p T leAV2m exp 207 ’

Here, o/ is the scintillation index and </>
is the average irradiance.

4.3 Frequency analysis

As an example of frequency analysis, the
7/1/2009 data for the DLR station was ana-
lyzed in every 10° of the elevation angle from
15° to 55° and the result is shown in Fig. 3.
The data was obtained for up to 514 Hz due to
the limitation of the sampling frequency. The
spectrum shows a clear decrease at high fre-
quencies for the low elevation angle of 15°,
while the decrease disappears as the elevation
angle becomes larger. This tendency was also
seen in the experiments with the other stations.

4.4 Autocovariance function

In order to understand the characteristic
time variations of the signals received at the
FPS, the 7/1/2009 data for the DLR station was
used to obtain an autocovariance function of
the normalized intensity for the time difference
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up to 0.1 second at a given elevation angle.
The result is shown in Fig. 6. The correlation
time during which the correlation value be-
comes 1/e? was about 2 ms for an elevation an-
gle 15° and about 7 ms for 55°. Since the cor-
relation time was below 10 ms in most of the
experiments, no characteristic tendency was
found for any of the optical ground stations.

4.5 Bit error rate, BER

The uplink quality can be evaluated by the
bit error count detection function of the LUCE.
The LUCE receives from the ground stations
the signals that are modulated with PN codes,
and demodulates them. The LUCE then com-
pares them with the PN codes which is gener-
ated internaly, and distinguishes insertion er-
rors from other signal loss errors. The insertion
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Analysis results of autocovariance func-
tion for DLR station (7/1/2009)

error is an error where a signal is detected in a
place where it is not supposed to be present.
The BER is calculated from the total number
of errors of each type. Figure 7 shows the ex-
perimental data for the NICT station
(1/20/2009). The upper figure shows the FPS
signal intensity and the lower the occurrence
of insertion errors in the demodulated signals.
The signal loss errors showed the same ten-
dency. The bit errors occurred when the re-
ceived signal level was below the threshold of
the receiver (—67 dBm of the FPS level in this
case) or when the level was higher but the lev-
el fluctuation was large. Since the optical de-
tector of the LUCE was designed to suppress
the level fluctuation for the use for inter-orbit
communications, the fluctuation was actually
small if compared with the level fluctuation in
the upper figure in Fig. 1. The SI was below
0.05 in the time period from 683 sec to 718 sec
and the BER was of the order of 10! to 103,
Figure 8 shows the relationship between
the BER and FPS received signal level per
second obtained in the experiments using the
NICT station and the JPL station. The figure
also shows the data of the characteristics of
the optical detector obtained in the ground ex-
periments in the referencen 7y where the data
is converted in the FPS received signal level.
The referenceo 7o indicates that the BER char-

NICT 2009/1/20 FPS Level

FPS LVL [dBm]
3

680 685 690 695 700 705 710 715 720
Time [sec]

2006/1/20 Bit Error Cous (Irsert)

LA T I |

L

FPS received signal level and number of
insertion errors in experiments with NICT
Station
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Uplink Measured BER
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BER characteristics obtained in NICT and
JPL experiments

acteristics measured in the optical inter-orbit
communications experiments showed about
2 dB degradation in comparison with the data
obtained in the ground experiments. However
in the ground-to-satellite link, the degradation
was more than 15 dB due to additional effects
from atmospheric fluctuations. Since the out-
put of the FPS level is saturated at —57 dBm,
the precise received level is not clear when the
BER is smaller than 10. But in some cases
the BER was about 10”7 and even a BER of
about 107 would cause no practical problems
if error corrections are adopted.

5 Conclusions

The data that OICETS obtained in the up-

References

link experiments made between the satellite
and different ground stations in different plac-
es was analyzed to find differences in the sig-
nal characteristics. It was difficult to find clear
differences since the amount of data that could
be used for analysis was limited and the ex-
periment dates were different. However a
comparison of the analyzed data indicates that
the characteristics obtained in the experiment
using the DLR station showed a smaller SI at
a low elevation angle than those obtained for
the other stations. No significant difference
was found in the other analysis results. The
optical communications between the four opti-
cal ground stations and the satellite using the
same optical detector were the world’s first
such experiment, and the data obtained in the
experiments with these stations would be use-
ful to identify the parameters of a model of at-
mospheric fluctuations at each station and to
establish the model. We could expect more
data available through a series of this kind of
campaigns.

Acknowledgements

In this campaign the data was obtained by
the joint researches of the Japan Aerospace
Exploration Agency (JAXA) and NICT. The
authors would like to thank them for their col-
laboration. They also would like to express
sincere thanks to the foreign agencies involved
in the experiments. Also, the experiments
could be conducted thanks to the efforts and
support of many people who were engaged in
the development and operation of OICETS.
The authors would also like to thank them.

1 N. Perlot, M. Knapek, D. Giggenbach, J. Horwath, M. Brechtelsbauer, V. Takayama, and T. Jono, “Results of
the Optical Downlink Experiment KIODO from OICETS Satellite to Optical Ground Station Oberpfaffenhofen
(OGS-0OP), ” Proceedings of SPIE Vol. 6457, Jan. 24, 2007.

2 http://www.iac.es/telescopes/pages/en/home/telescopes/ogs.php?lang=ES

3 Keith Wilson, Joseph Kovalik, Adhijit Biswas, and William T. Roberts, “Recent Experiments at the JPL Opti-

122 Journal of the National Institute of Information and Communications Technology Vol. 59 Nos. 1/2 2012



cal Communications Telescope Laboratory, ” IPN Progress Report 42-173, May 15, 2008.

4 http://ilrs.gsfc.nasa.gov/stations/sitelist/ KOGC_general.html
5 M. Toyoshima, H. Takenaka, Y. Shoji, Y. Takayama, Y. Koyama, and H. Kunimori, “RESULTS OF KIRARI OP-

TICAL COMMUNICATION DEMONSTRATION EXPERIMENTS WITH NICT OPTICAL GROUND STATION
(KODEN) AIMING FOR FUTURE CLASSICAL AND QUANTUM COMMUNICATIONS IN SPACE,” 61th Inter-
national Astronautical Congress of the International Astronautical Federation, IAC-10-B2.1.10, pp. 1-11,
Praque, Czech Republic, Sept. 27, 2010.

Larry C. Andrews, Ronald L. Phillips, and Cynthia Y. Hopen, “Laser Beam Scintillation with Applications,” pp.
87, SPIE Press, Bellingham, Washington, 2001.

Yoshisada Koyama, Takashi Jono, Yoshihisa Takayama, Masaaki Mokuno, Katsuyoshi Arai, Koichi Shiratama,
Kenichi Ikebe, Ichiro Mase, Zoran Sodnik, Benoit Demelenne, and Aneurin Bird, “Optical communication
performance of OICETS-ARTEMIS intersatellite link experiments,” 50" Space Sciences and Technology
Conference, 2D09, Nov. 9, 2006. (in Japanease)

(Accepted March 14, 2012)

KOYAMA Yoshisada

Expert Researcher, Space Communica-
tion Systems Laboratory, Wireless
Network Research Institute

TOYOSHIMA Morio, Ph.D.

Director, Space Communication Sys-
tems Laboratory, Wireless Network
Research Institute

Optical Communications, Onboard
Equipment

Satellite Communications, Atmospheric
Turbulence, Laser Communications,
Quantum Cryptography

TAKAYAMA Yoshihisa, Dr. Eng.

Senior Researcher, Space Communica-
tion Systems Laboratory, Wireless
Network Research Institute

TAKENAKA Hideki

Limited Term Technical Expert, Space
Communication Systems Laboratory,
Wireless Network Research Institute

{ Satellite Communications, Laser

l Communications

Nonlinear Optics, Phase Conjugate
Optics, Photonic Crystals, Computa-
tional Electromagnetics, Space Laser
Communications

KOYAMA Yoshisada et al. N ICT 123



