Small Communication Satellite Mission for Enhancemset of
Antarctic Investigations

Plamen Dankow, Mario GacheV?, Vesselin Vassile?), Kaloyan Zlatkov®, Zhivko Kiss'ovski®,
Dragomir Mateev®), Ognyan OgnyanoV’, lliyan Krassimirov Y, Cvetan SimeonoV

1 Sofia University “St. Kliment Ohrisdski”, Facultf Physics, J. Bauchier Blvd. 5
1164-Sofia, Bulgarigattp://www.uni-sofia.bg/index.php/eng/
Phone: +35928161806, Fax: +359296252i&kov@phys.uni-sofia.bg

2) RaySat BG Ltd, Mogilata Str. 2A, 1700-Sofia, Buigahttp://www.raysat.com/
Phone: +35929625665, Fax: +3592962134&cioG@qilat.com

¥ CASTRA; Space Technology and Research InstitutedAG. Bonchev Str.1, 1113-Sofia,
Bulgaria http://www.castra.orghesselin.vassilev@castra.org

Abstract: The proposed mission "SofiaUniversitySAT" is foedn development of the "communication functioh" o
small university satellites for support and enhameet of science research and human activities itmr&tica. This
function can provide a range of critically importaervices for Antarctic stations and expediticngh as: high-speed
two-way backhaul data transfer for scientific, af@end other applications using "store-and-forwaethnology, off-
line two-way operational communication services foofessional, personal or rescue purposes, caoréihsurface
measurements of biological and natural phenomerather monitoring and forecasting, etc. Extensitimpinary
investigation has been done: selection of suitételguency bands for university satellites, optirtiza of on-board
planar antenna arrays with adequate gain and tlitgctink budget, etc. A concept of time-extendeasimmunication
sessions between satellite and Antarctic grouniibetéas developed, based on a switchable 5-facbaard antenna
panels and steerable ground-station planar antgsmels. Three line-of-sight directions can be dvattduring a single
session in "base" orbit (with trace over the grostation or max +200 km away): forward, bottom &ad¢kward, and
two additional lateral directions in two "side" @gb(+1500 km aside the ground station). Link budgethe X band
shows that 30-60 Mbps bit rate for 3 min. or ~20pdaverage bit rate for 9-10 min. in base orbit lbarachieved in
downlink direction using switchable on-board par{etsO GB throughput). The proposed communicatioenwill be
designed on a 50-kg small satellite similar toRussian spacecraft "Yubileiny-1/2" at a 1500-kntwade near-to-polar
orbit providing 11 Mbps in the C-band downlink chahduring 15 min. long sessions.

1. INTRODUCTION

Antarctica is a great challenge for internationgbexlitions aimed at its study and exploration for
scientific purposes. On the one hand, there iemeéty harsh environment and weather conditions
all year round: low temperatures, snow, ice, colter, strong winds, difficult terrain, etc., all of
them making the human life and activities extrendifjicult. On the other hand, there exists a
special status of the ice continent, making itlilggest natural protected area on the Earth. Strong
restrictions on human industrial and business iietss that are observed in Antarctica bring
additional difficulties to building commonly usets@where ground infrastructure that is needed to
support full-scale human life. That is why desigm aise of small satellites in support of various
human activities on the ice continent can providenerous benefits to the international scientific
community, having in mind recent alarming data alwbvastic reduction of planetary ice cover and
the need of in-depth exploration of this processpresent, there are virtually no active satellite
missions dedicated especially to the needs of Antagxpeditions mostly because of absence of a
single big customer and business niche justifying tost for development, deployment and
operation of a large mainstream satellite systen2]1With recent advancement of small satellite
technologies and related subsystems, it becomesib®yaccording to our investigations) to
develop a low-cost, high-performance satellite missfor dealing with the above mentioned
communication challenges. This is the goal of @afiaUniversitySAT" mission proposal.

2. MISSION OBJECTIVES

University small satellites (stand-alone or in anstellation) can provide crucially important
services for Antarctic human activities such ashfegeed two-way data transfer (e.g. between



various ground sensor networks needed for scientdafety and other applications, and other
continents), two-way communication services (elg.tfansfer, e-mail) for professional, personal
or rescue purposes; permanent continental surfaeasumements of biological and natural
phenomena; weather monitoring and forecasting, Téte. following mission objectives have been
identified based on the above-mentioned commumwicatapabilities of university small satellites,

referred in this paper to asctmunication function”.

1) The primary objectivef our mission is achievement of stable, relagiiakt and cheap satellite data-
transfer communication between Antarctic stationgdifferent nations and the rest in support of vas
ground-based research projects (e. g. ground seesaorks), to meet Antarctic stations' logistiosl a
security needs as well as personal needs of stegemm members (personal e-mail and multi-media
communication in off-line mode, etc.). In partiaylas a test Antarctic base application case fovipg

the concept, our project aims at providing suchises to the Bulgarian Antarctic station [3] based
the Livingston Island (Fig.dlb) within the South Shetland Islands. We aim at jgtiog capabilities for
transfer of ~10GB data per day between the Antastétion and the satellite control station in ¢ér
other suitable location). Similar service coulddbevided to other Antarctic stations.

2) The second mission objectiie daily data transmission for meteorological @msgs and Antarctic
weather forecasts in required details. This woudd dzhieved through satellite-based atmospheric
sensors and ground-based meteorological sensopretwl he latter would be sending their data to a
weather forecast data-processing center (e.g. ilgaia) through the communication capabilities
outlined in Objective 1). For satellite-based atpiesic data collection, our primary aim is to
implement optical sensors for monitoring of varialsud systems.

3) Our third mission objectivés to provide permanent remote sensing data froavktic surface for
the purpose of ground science projects and

4) The fourth mission objectivis to provide data transfer for ground-level oka@on of natural and
biological objects on the ice continent surfacefalct, Antarctic science missions collect plentydata
(meteorological, biological, physical, geologicaiedical, etc.), which usually have to be additinal
processedfter return of expedition. The proposed possibility dmfine data transfer and processing in
big university centerbefore return of expedition will improve the efficiency celatively expensive
Antarctic research missions. Finally,

5) Our fifth mission objectivés permanent data storage and sharing of informathmut location and
course of ships in the Antarctic region for thegmse of expeditions' logistics and security.

Fig. 1a) Antarctic map and the Livingston island locatibh;The Bulgarian statiorg) A typical meteorological station

3. CONCEPT OF OPERATIONS
3.1 Communications with Antarctica

Let us discuss current communication options ofafgtic stations and expeditions? The oldest type
of communications on the ice continent is low-freqcy amateur radio in the high-frequency (HF)
band (for connections outside the continent) arttiénvery/ultra high-frequency (VHF/UHF) bands
(useful for utility and emergency short-range canio®s) —Fig. 2. They are extremely slow and
strongly influenced by weather or atmospheric phesrma, but are still in use in many stations
because they can be a matter of life and deathsi@emable more convenient for Antarctic
inhabitants are mobile low-Earth-orbit (LEO) satelcommunications in on/off-line mode offering



many users suitable multiple access (e.qg. Iridiufig- 2; Globalstar, ORBICOMM, etc.). These
commercial systems allow for use of small handlleldces mainly for voice calls; data can be sent
by them at unacceptably low throughput. This teteghsystem in Antarctica is used as a back-up
and allows for easy, but very expensive connectadrexpedition members to their station or other
continents. Wider range of communication servicespiovided by fixed VSAT (Very Small
Aperture Terminal) satellite systems that allowkoth voice and data transfer to different points i
Antarctica and even worldwide. These geostatiof@g0) satellite systems enable some Antarctic
inhabitants to have Internet access, to send ar@iveee-mail, and to have also cheaper voice calls
VolIP through Internet. The Earth antennas are adig (typically less than 4 m). Figc 8hows an
indicative example of necessary communication egei at the Amundsen-Scott South Pole
Station, supported by the US Antarctic Program [Ajis system uses NASA geosynchronous
satellites from GOES and TDRSS series, which hasge their primary imaging functions (e.g.
weather satellite GOES-3 launched in 1978), buelsl functional communication transponders.
These "permanently falling" satellites can ens@w&sonable communication services for the US
Antarctic base at 1-1.5 Mbps data rate for sevaralites up to several hours per day depending on
current elevation angle of used satellite (Fig. 2lthough these systems look attractive, they are
time and space restricted and unstable (the GE€lissst permanently change their position and
expensive big tracing systems are necessary). Mereat lower elevation angle the effect of
atmospheric scintillations and gas attenuationtddenger path to Antarctic base station increases
and communication systems cannot satisfy qualigen¥ices (QoS) requirements.

A quite promising alternative for Antarctic commaaiions is utilization of non-GEO satellite
systems. There exist serious projects connected wiplementation of broadband satellite
communications in the Ka band to both Earth potmians (e.g. in the Antarctic [5] and in the
Arctic [6]) with deadlines before 2014-16. Both jeas rely on utilization of two Molniya-orbit
satellites in opposite phases to separately coaen ef the polar regions (Figa,3b) for 24-hours
period. Their main feature is the different profilepossible communication users in these regions.
Increased number of users in the Arctic region.(Bayyis connected mainly with its “opening” due
to faster ice melting on major transportation rgutich as Northwest, Northeast and North-North
Passages [7]. As a result, increased navigatioraetinties related to fishing, oil and gas indiesty
etc., are already observed and needs of so-calf@lational” communications will be decisive in
the next few years exactly in these transportatmmidors. At the opposite pole, a relatively wide
continent exists with dimensions ~4000 km. Thernsteaxany scientific stations (population ~4000
in summer and ~1000 in winter) located mainly oa toast line (Fig. &, and many ships in
similar location near the coast. Therefore, in Actiaa, the need of fastackhaul communications
(less time-critical scientific and other data tf@nsis considerably greater (one or two orders of
magnitude larger in volume according to [8]) thae@tional communications (voice call for safety
and logistics, on-line Supervisory Control and Datguisition (SCADA) and Internet access). All
these considerations show that the need of statéetchnsfer communications will rapidly increase
during the next few years in both Earth polar regio

......

a) b) @ — ¢ c)
Fig. 2a) HF systems for amateur radin); LEO mobile telephone system Iridiug); Satellite system [4] for the US
Amundsen-Scott South Pole Station (NASA GEO s#sllirom GOES and TDRSS series)



Fig. 3a,b) Two Molniya-orbit satellites may fully "cover" éhAntarctic continent [5] or the Arctic region [f8]r 24-
hours periodg, d) Possible users' locations in the Arctic [7] amdhie Antarctic [8] polar regions) circular-orbit
university small satellite with trace over the Ilngston Island, Antarctica (our case)

In this paper we present our conception for comeations with the Antarctic research stations
based on the development of tlwertimunication function” of university small satellites in close-to-
circular polar orbit — Fig. & In fact, primary application of actual micro- andno-satellites for
Earth exploration (EESS) is mainly connected withit remote sensing capabilities (or satellite
"Imaging function") [9-11]. However, as it is pointed in [12], thasehnologically up-to-date small-
in-size MRI (medium-resolution image) instruments Earth surface observation are clearly
"downlink data limited" in predominantly used nowgd VHF/UHF/L and even S-bands. We
describe in the next 3 sections our ideas for imgmeent of downlink/uplink data throughput using
university small satellites.

3.2 Selection of the Suitable Frequency Bands

International Telecommunication Union (ITU) hasoalited a lot of frequency bands for amateur-
satellite services ASS [13], starting from the NMHF and UHF bands, in the cm-wave range up to
the mm-wave range. Let us list the most importdrithem: 144-146 MHz, 435-438 MHz, 1.26-
1.27 GHz (Earth-to-Space), 2.40-2.45 GHz, 5.65-%61z (E-S), 5.83-5.85 GHz (Space-to-Earth),
10.45-10.5 GHz; 24-24.05 GHz and eight another améhe mm-wave range above 30 GHz. Part
of these bands coincides with the free ISM (Indakt6&cientific, Medical) bands. We have to add
also the frequency bands, assigned for EESS arithsgpace applications (the most familiar are:
1.675 -1.71 GHz, 2.025-2.11 GHz, 2.20-2.29 GHz28-8.40 GHz (S-E), 25.5-27.0 GHz (S-E),
28.5-29.1 GHz (E-S), 29.5-29.9 GHz (E-S), etc.)e hiational spectrum management organizations
have accepted the most of these bands (for exaRpksia reallocated the higher frequency bands
for ASS in 2010-2011 [14]). The government admmaitstbns may assign some of the listed bands
on a permanent or temporary use to particular spa@ce institutions, according to the space
activities in their countries. For example in Caadtl5], there are assigned in the frequency range
from 52 MHz to 38 GHz totally 6964 MHz for EESS &pations and 8787.25 MHz for space
research services, which clearly demonstratesmiperitance of the problem.

However, a glance over the satellite operatingueagies' list at the moment [16] shows that the
most of the active small satellite use the loweqérency bands: VHF, UHF (extremely congested),
L (1-2 GHz) and S (2-4 GHz). These bands are mptess suitable for telemetry applications, but
the data rate is strongly restricted — maximum Baskin the UHF band and ~5 Mbps in the S-band
[12], which could not effectively serve the ,imagifunction” of the small satellites. Nevertheless,
a good flight-proven solution for in-situ biologlaasearch by GeneSat-1 is reported in [17] for 172
kbps data rate transfer using standard non-fligiatiied commercial-off-the-shelf electronic
products in the 2.4-GHz ISM unlicensed band usmg-@jain single-patch microstrip on-board
antenna. Contrariwise, the serious analysis in Elgjws that it is possible to achieve 100-Mbps
downlink data transfer for improving of the "imagifunction" of the small satellites in Ka band
(29.975 GHz uplink UL; 19.725 GHz downlink DL) ugimelatively high-directivity horn antennas
and effective modulation and coding schemes. Thia aigadvantages in the last case are the still
expensive equipment in the Ka band, high on-boatérma profile, complex on-board antenna



positioning equipment and the need for acquisibbrspecific frequency bands. In our paper we
propose to use for the DL channel not so high feegies (2.45, 5.8, 8.2 or 10.5 GHz), simple
switchable on-board antenna arrays and less-exgeagquipment for the UL channel.

3.3 Antenna selection

The antennas for the small satellites are usualtg dipoles/monopoles (including log-periodical
antennas), when the operating frequencies areeitUtF/L bands, or high-directivity horns in the
Ka band. The planar antennas have been used mdtieim frequency bands (S, C, X and Ku) (see
the literature survey in [18, 19]). They have toebectrically small with stable frequency behaviuor
The planar on-board antennas are usually arrangesingle microstrip or similar ground-backed
patches with circular polarization and single-sideéctivity, with mechanical and thermal stability
The patch dimensions are comparable with the halfelength; therefore, ceramic substrates with
bigger dielectric constant should be used in otdelecrease the patch dimensions (or metamaterial
substrates and fractal shapes). The other posgisilihe dual-band (uplink/downlink) antennas.
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Fig. 4a) Example for 4-patch circular polarized antenmraym the C-band, used in our analysis; the faeabsland
the coupling slots (dashed lines) are shown &ls8:D antenna pattern of single patch, 2- and #&tpbnear antenna
array and 2x2-patch circular-polarized antennayag2-D antenna diagrams, which show the 3-dB beaihsid

In our investigations we apply four types of plapatches and antenna arrays with air filling. The
planar radiators are excited by microstrip feeddithrough coupling slots (Fig. 4). The presented
antennas are not the on-board prototypes itsedf; #re designed to obtain the suitable parameters
(gain and beamwidth — Table 1) to prove the opematiconcept and to achieve the necessary data
transfer throughput. The electromagnetic simulZedand® IE3D is used for the antenna design.

3.4 Concept for Time Extended Data-Transfer Sessisrwith University Small Satellites

The aim of thecommunication function of the university small satellites is to ensuriadle bit rate

in both directions (see the analysis in section.4Mhen this function is combined with the satellit
imaging function, 100-Mbps DL bit rate is enough for transfer o0 Xdaily images for 3.6 minutes
using 50-MHz bandwidth in the Ka band accordingli2] (i.e. in a single communication session
with one Earth station!). This is a very serioust Btill expensive performance of the EESS
satellites. In our paper we target to increasaltta-transfer throughput at lower frequencies using
switshable antenna arrays and time-extended conuaiion sessions. We choose for our illustrati-
ve analysis two operational frequency combinati¢@siz): 1.26-1.27(E-S)/5.83-5.85(S-E); and
10.45-10.5 (for the both directions using time-si@h multiple access technology). Fig. 5 shows
how the on-board antenna patches/arrays (with@ufeid lines) could be arranged on the satellite
front panel. Due to the restricted aperture, tin@ya with 4 patches could be implemented only in

Table 1 Parameters of four types of air-filled plaantennas in 4 frequency bands-(patch length/diameted;— air-
gap between the patch and the ground plane; SWanhdiag-wave ratioAd— 3-dB beamwidthi — antenna gain

L, d, SWR Single patch 2 patch array 4 patch array 2X2 paiticky
mm | mm NG, deg G,dB | A, deg| G,dB | AB, deg | G, dB | Ag deg| G, dB
1.26-1.27 | 100 6.5| <1.22:1 61.2 8.0 32.4 11.3 16.0 401 32.1 13.6
2.40-2.45| 48.2 55| <1.40:1 61.4 8.8 33.B 11.1 16.413.9 32.6 11.3
5.83-5.85| 21.5 45| <1.22:1 61.6 9.0 28.4 12.3 13.915.6 28.1 14.0
10.45-10.5 @14 25 | <1.45:1 61.1 9.4 27.5 127 13.8 16.0 27.1 291

f, GHz
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Fig. 6a) Switchable on-board antenna panel with 5 paifBx#iRx microstrip patches (S-band demonstratortyg

the concept)b) lllustration of the unfolded 5-face panel witletface denotations) Three neighbor orbits of the

satellite over the Bulgarian Antarctic station fealization of 3 communication sessions. Legend/<— — satellite
position/ direction;” — Earth-station position;.:— approximate “coverage track” during a single isess

the X band and (with arrangement difficulties) ne {C band. In order to increase the data through-
put, we “multiply” the pairs of Tx/Rx (transmit/reive) antennas using a special 5-face panel with
truncated pyramidal shape — Figa®. Thus, the on-board Tx/Rx modules can be consezuti
connected to each of the panel faces in differgneé tintervals during the LoS (Line-of-Sight)
period (i.e. from "satellite rise" to "satellitet§e depending on the current satellite positiomsro
the ground station — see the illustrations on Btgand Fig. a,b. The bottom panel "B" is placed
parallel to the satellite front-end aperture; itnssponsible" for the communications to the ground
station near to the nadir position, when the dista®-E is minimal. This is the basic part of the S-
communications with greatest value of the bit rRte(see Fig. 8 where the parametd®, is
normalized). When the satellite is on tHgase" orbit (exactly over the Earth station; practigall
+200 km aside, measured on the Earth surface)utheg on the forward "Bf" and the back-ward
"Bb" panel faces can considerably increase theabé during the whole communication session
(Fig. &,c,d), because their antennas can "look" directly ®odlound station immediately after the
"satellite set” and before the "satellite rise". i¥lover, at least two additional communication
sessions can be arranged on the both neighbos ertiide left" and 'Sde right" (Fig. 6¢). In this
case the lateral panels "SI" or "Sr" should be dvatl on. The data transfer capacity of these two
additional sessions is restricted (see F@), But it is enough for many additional applicasoihe-

se sessions take place ~95 min. before or afteméia communication session and may have two
options: for shorter access time with bigger hi¢ rar vice versa, when the narrow side of the dter
antenna "hot spots" is orientated perpendicularithe flight direction or v.v. (as in Figb,£). The
switching procedure can be preliminary plannednentiase of the daily updated satellite trajectory.

L

Fig. 7 lllustration of the proposed mechanism wigiextended communication session with one Eaatiosta) on
the 'Base” orbit; b) on the 'Side" orbit (3 cases) (only the antennas ondblered face of the 5-face panel are "active"
in a given time interval);) "Hot spots’ of the antenna-array beams over the Earth surfdoe narrow axis of the

antenna beam is orientated perpendicularly tolifletfdirection (marked with the arrows) or v. mof shown)
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Fig. 8 Normalized bit rate v/s access time (elseeftige value 1 is accepted for a single patch oa Bin boreside
position).Legend: a, b) Altitude 600 km; DL 10.45 GHz. OrBase" orbit for a single patch antenna without turn off
the face B and for different antenna arrays bychiitg between Bf, B and Bb faces (the digit in keis means the
number of patches; x2 means that the transmitteapis twice bigger). OnSde" orbit (c) (faces Sl or Sr) for 3 cas
(see Fig. B). d) Altitude: 1500 km; DL 5.84 GHz; orBase" orbit for a single patch and 2-patch antennas

4. KEY PERFORMANCE PARAMETERS
4.1 Achievable Total Data-Transfer Throughput

Thedaily data-transfer throughput is a key parameter for realization of tteenmunication function

of the small satellites. It depends on many factous the most important of them are: transmitted
powersPg; (limited) andPgs, frequency bands and bandwidths (limited), antegaia/directivity,
antenna gain-over-temperature rat®/T), required digital modem input threshol/N,, used
modulation and coding schemes, lossless data cssipre access time for a single communication
session with one Earth station (limited), numbethef Earth stations (optional), etc. Let us evauat
this important parameter using a simple analygisHitst of all, Table 2 presents the needed gross
bit rate R,,dBbps=(C/N, - E,/N, — Margin),which allows the realization of maximal achievabie

rate r,,bps=10%"°for BPSK/QPSK modulations in the effective bandWijdteduced due to the

Doppler shift (without applying of any additionabding-gain or spread-spectrum schemes). The
spectral density of the carrier-to-noise ra@iNo, dB.Hz is calculated byC/N, =EIRA_ +G/T|_

+2286- Losses-BO, where EIRF_ =G, +PR,is the transmitter equivalent isotropically-radéate
power, the receiveG/T\RX ratio (typically the noise temperature is accepke@90 K for the UL

channel and T~30 K (the worst case) for the DL dedin BO is the input/output back-off (not
taken into account here). The main part of the 8es8 is the free-space lossgSlog(4nd /A1) (d—
distance); the other important part in our cagbesantenna misalignment losses, but they are taken
into account (for example, in Fig. 8) using theuatantenna pattern. Thus, Table 3 contains &flot o
results from this simple link budget for differaratses (for single patch on-board antenna — Table 3
and for antenna arrays — Tabl®,3vhich are presented in two options: values efdtailableE/No

and the corresponding mardvhfor fixed powersPy; gs, and vice versa, the required powegs cs

for fixed thresholdEy/Ng = 9.6 dB and margiM = 3.5 dB. We can see that the requirements are not
satisfied for some cases (for single patch antenrsaall or even negative margin. Satisfied results



Table 2 Maximal achievable bit rate for BPSK/QPS&dulations in the effective bandwidth due to theppler shift

Frequency | Available |Max Doppler| Effective Max bit rater,, Mbps | Needed gross bit ragg, dB.bps
band, GHz | BW, MHz | shift, kHz BWe, MHZ BPSK QPSK BPSK QPSK
1.26-1.27 10 44.2 8.98 6.7 13.5 68.3 71.3
2.40-2.45 50 86.0 44,96 33.7 67.4 76.3 78.3
5.83-5.85 20 203,7 17.90 13.4 26.8 71.3 74.3
10.45-10.5 50 367.0 44.81 33.6 67.2 75.3 78.3

Table 3. Available E/Ny and margin M, dB in the DL/UL channels for QPSKdutation, using single patch on-board
antennas (DL) and equivalent dish antennas withneliar 1.8 m for the ground station (UL)

Frequency O_rbit Path AvailablgEb/NO, dB/ RequiredPg; andPgs, W
band. GHz altitude, | losses, C/N,, dB.Hz Margin M, dB [Ex/Ny = 9.6 dB;M = 3.5 dB]
' km dB [Psxt =1 W;Pgs=4 W (1.8 m)] (1.8 m equiv. dish antenna)
126-1.27 600 150.0 UL 92.5 UL 21.2./11.6 Pgs=0.62
' ' 1500 158.0 UL 84.5 UL 13.2/3.6 Pss= 3.8
2 40-2.45 600 158.8 | DL 96.6/UL92.8| DL 18.3/8.7; UL 14.5/4.9 Pt = 0.30 /Pgs=2.9
' ' 1500 163.8 | DL 88.7/UL85.5| DL 10.4/0.8; UL 6.5/-3.1 Pt = 1.88 /Pgs=18.1
5.83-5.85 600 163.3 DL 97.3 DL 23.0/ 13.4 Ps: = 0.10
' ' 1500 171.2 DL 89.4 DL 15.1/5.5 Py = 0.63
10.45-10.5 600 168.0 | DL97.6/UL93.8/ DL 19.3/9.7; UL 15.5/5.9 Pyt = 0.24 [Pgs=2.3
' ' 1500 176.3 | DL 89.7/UL85.8/ DL 11.4/1.8; UL 7.5/-2.1 Pt = 1.50 /Pgs = 14.3

Table D. (cont. ) for different on-board antennag,{HPss— transmitted powers in the satellite and the gdostation)

| . Available E,/N,, dB / RequiredPg; andPgs, W
(()1”6bf4a_r1d06}5”t§$“5alti8g | CNo dB.HZ Margin M, dB [E/No = 9.6 dBM = 3.5 dB]
' ' ' [Psa =1 W;Pgs=4 W (1.8 m)] (1.8 m equiv. dish antenna)
2-patch array 600 DL 101.0/UL97.2| DL 22.7/13.1; UL 18.9/9.3| Pg =0.107 Pgs=1.05
1500 DL 93.1/UL 89.2 DL 14.8/5.2; UL 10.9/1.3 Psi = 0.68 /Pgs= 6.6

600 DL 104.3/UL100.5| DL 26.0/16.4; UL 22.2/12.6| Pg = 0.051 Pgs= 0.49
1500 DL 96.4 /UL 92.5 DL 18.1/8.5; UL 14.3/4.7 Pet = 0.317 Pgs= 3.1
600 DL 101.2/UL97.4| DL 22.9/13.3; UL 19.1/9.6 | P« =0.104 Pgs=1.00
1500 DL 93.2/UL 89.4 DL 15.0/5.4; UL 11.2/1.6 Pst = 0.65 /Pss = 6.30

4-patch array

2x2-patch array

are obtained for 2 or 4 patch antennas in the XIbhet us evaluate, for example, the data-transfer
throughput in the X band for one two-way UL/DL chah The simplified analysis for low-altitude
orbits (e.g. ~600 km altitude and ~84 deg inclm@)ishows that our satellite will pass over the
Bulgarian base on Livingston Island 2 times/daiile over Bulgaria —1 time/daily. If we use
single patch antenna with ~60 deg 3-dB beamwidth-§®0 km "tape" over the Earth surface), the
satellite will be "visible" for high-speed datarsder over a given Earth station (bit rage- 30-60
Mbps for QPSK modulatiorPs; = 0.24,Pgs = 2.3 W) for ~2-3 min. This is a small LoS peridait

if we use switchable 4-patch antenkay(= 50,Pgs = 490 mW), this period could increase up to 8-
9 min with average, ~ 0.35;, max (See Fig. B). This value can increase at higlRgg. Therefore, the
total data volume for a single communication ses$an the "Base" orbit) is evaluated at no less
than 10 GB for one shared UL/DL channel. Additioheé2 GB data transfer can be realized on the
both "Side" orbits. This is enough (according tQ te reliable maintenance of the important
imaging function of the small satellite togethetttwihe communication data transfer. At higher-
altitude orbit (e.g. 1500 km, FigdBthe bit rate decrease with more than 6 times,irbtilis case
the satellite imaging function could not be suppareffectively due to the low resolution.

4.2 Meteorological Data Collection from the Antarcic Ground Stations

The typical meteorological station (Figc)lconsists of several sensors: thermometer (piafera
with Pt fiber due to the linear temperature depeandeof its resistance), barometer, anemometer
with a wind vane (for determination of the wind egeand direction; both placed on a 10-m height
mast), hygrometer (measuring air humidity); raingg (preferably heated for the Antarctic in order
to melt the snow), etc. Such a meteorological atatan work automatically and the collected data
can be coded in different coded messages. The ocoosinon code is SYNOP (surface synoptic



observations). It is used as an easy way to shontteorological information from ground-based
meteorological stations for local meteorologicalioafs. A single measurement with all of the
previously mentioned sensors "produces" data, whbah be saved in 16 3-5 digit groups. If the
data is collected every 10 minutes, the total 2draformation volume will not exceed 24 kB.

4.3 Remote-Sensing, Biological and Geological Datllection

Collecting of multi-spectral imaging data from thigace is one of the common techniques to study
objects on Earth surface or in the atmosphereTBis method is based on building of a hyper-
spectral cube of data,y coordinates: spatial datacoordinate: wavelength data), which data (after
processing) is used to extract quantitative infdromeabout the observed objects. A key element in
providing such 3-D data is the on-board image-serigus is a device, which has to fulfill complex
engineering requirements depending on its apptinatiype of objects to be studied, satellite and
mission design, etc.). In our project we considgng imaging sensors for two main applications:
A) Study of ground/sea level objects in the Antarotgion, and, 2) Study of cloud systems for the
purpose of collecting weather forecasts data. R@fitst mention application, it was identified tha
the sensor should be aimed to cover the followignnspecifications: spectral range: 400-800 nm;

\ spectral resolution (Rayleigh-criterion): bellow riZn; spatial resolution

(Earth surface): bellow 20 m. For the second appba: spectral ranges:
0.4-1.1um, 10-12um and 6-7um; spatial resolution (cloud level): 0.1-1 km.
It is obvious that two different image sensors nieelle placed on the board,
with the second one having much-more relaxed rements. An example
of a possible sensor to be used in the first agiiin is the imaging-spectro-
meter prototype developed by the University of Bola [20]. Its possible
Fig. 9 Imaging-spectro- pPlacement on-board (payload sector) is indicate&ign 9. For the second
meter prototype [21] application, a sensor developed at STRI-BAS isctoided.

4 .4 "Store-and-Forward" Communication Services

The proposed communication function of the unitgrsatellites is definitely "non-real time" type
(data records by the on-board computer), basedtherstiore-and-forward” technology. Due to the
small LoS period (9-10 min at 600-km up to 15-2Grat 1500-km orbit altitude), the delay bet-
ween the possible sessions with the Antarctic basdghen with the bases on the other continents
remains relatively big. Our idea for the extendesiseons on "Base" and "Side" orbits may decrease
this delay, but the communications could not badf@med into "online". A possible solution is to
increase the number of the Earth stations on ther aontinents, where the communication network
infrastructure is well developed. Another ideadsapply a combination between the LEO-satellite
and terrestrial communications on the ice continknthis case effective low-cost networks could
be realized between the Antarctic science bas@tying the HF MIMO (Multiple-Input Multiple-
Output) technology for low-speed long-range comroatons [7], or broadband WAN (Wide-Area)
networks (for example WiMAX) for high-speed, butanen-range communications.

5. SPACE SEGMENT DESCRIPTION
5.1 Flight Antenna Systems

The important element for realization of the snsallellite communication function is the on-board
antenna system, which includes: pair of Tx/Rx améearrays with the feeding lines, switching or
combining schemes, transmitters/receivers and a@sifig scheme. Variants of on-board antenna ar-
rays in the S, C and X bands are given in Fig.lesE systems are used as demonstrators to prove
the concepts. No movable parts are used. Fig. 4€epts two receiver schemes for the both accep-
ted options for the beam switching/steering (swiitghbetween the 5-face antenna panels and beam
control of the linear patch antenna by set of eteutally-tuned phase shifters, suitable for higher
frequency, incl. Ka band). In our discussion ih ®e suppose that the Earth-station antenna beam
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always "tracks" the satellite. This is an importeomdition, but the control system is simple: spkeci
software helps the GS antenna to track the daibllge trajectory after a permanent updating from
the telemetry data. Instead of the traditional deftectors (~2-m diameter) we propose the use of
easy-to-control tracking antenna panels with edentagain for the Earth stations (Fidn)921].

5.2 Host Satellites like “Yubileiny-1/2" [21, 22]:Possible Incorporation

Due to the fact, that our primary mission objectiseconnected with realization of the proposed
communication function for any small satellite on near-to-polar LEO orbits, we 'tdalescribe in
this paper concrete satellite parameters. Accordangur preliminary implementation plan the
shortest way to realize the communication funci®to incorporate the proposed communication
systems in a satellite on higher orbit without tleeessity of combination with the high-resolution
imaging function. Similar characteristics have ighl-proven University satellite "Yubileiny-1" of
the Siberian Aerospace University (SUbSAU), Krasmsly, the Russian federation [22]. This is 48-
kg microsatellite with 30-W power supply, which FEasugh reserve for incorporation of the not so
powerful Tx/Rx communication equipment and totally-kg payloads. It has relatively high-
altitude orbit ~1500 km, without any cameras. T¥pacecraft is developed for passive transmitting
of audio/video information through the slow bitedelemetry channels (DL435/UL145 MHz), and
its main function is for education purposes. "Yahil-1" was launched on May 23, 2008, but is
still in use. Recently, on July 28, 2012, the selcganeration University spacecraft "Yubileiny-2"
was successfully launched [23] The operating feegies of this new satellite are DL2.45/
UL1.265 GHz [24]. Together with the education
function [25], new systems have been incorporated
for science research, two small web cameras and
one remote-sensing camera. Our preliminary
analysis shows that these two types of stable
university satellites are very suitable for
development of the communication function for
support of the Antarctic science expeditions. Fig.
11 illustrates the possibility for mounting of the

! 5 proposed in this paper 5-face switchable antenna
Fig. 11 ,Yubileiny-1” in flight position §) and its front- Panel, but the place of three sensors should be

end view b) with the marked area for possible incurpo-rearranged.
ration of the proposed on-board 5-face antennalpane

a)




6. ORBIT/CONSTELLATION DESCRIPTION

The orbit altitude does not play so big role foaliztion of the satellite communication function,
while in the case of realization of the high-resiolo imaging function this altitude is more or less
restricted (400-800 km). Thus, for our purposeshis paper we have big enough freedom — we
could combine (for high-speed data transfer) or(fastlow-speed data transfer) the both functions.
This universality of the communication functiortiie main reason to appeal to combine the efforts
for the realization of a standardized high-speed tfansfer for support of the Antarctic scientific
expeditions by University small satellite constdla in the communication area only. This means

a future synchronization in the area of communicetiby small satellites, standardization of the
used frequency bands, modulations, access methatistransfer protocols, etc. Thus, applying
inter-university agreements, a random distributtdrnsufficient number of Earth communication
stations can be realized, building a low-cost §selommunication network with many functions.

We consider also a specific, but powerful optioto—
use a set of very light plasma thrusters for rasbn
of small, but well-defined corrections of the skikel
trajectory. An electrothermal thruster with efficie
microwave discharge;(~ 0.9) is developed in Facult
of Physics, Sofia University [26]. This coaxial gaa Fig.12 Ar-plasma jet in atmospheric pressure, expe-
source works at pressure close to atmospheric (in Aimentally oberved in Faculty of Physi [26]

gas) at low level of microwave pow& < 10 W both in continuous and pulse regimes and it
produces dense plasma with high gas temperay#&500-3000K. The Laval-type nozzle (Fig. 12)
has a diameter of the throat 0.2 mm and the maxiwmelocity v ~ 1000-2000 m/s. The calculated
maximum thrust at gas flow rate 150 sccm is inrdrgge 4.5-9 mN and the specific impulse is in
the range 105-210 s. This parameter shows thagleatrothermal thruster is suitable for realization
an orbital maneuver of a microsatellite (~30 kgihvdelta-VAv ~ 13-26 m/s for 24-hour period

7. IMPLEMENTATION PLAN

Future implementation of the proposed ideas is @upg by several organizations in Bulgaria: Sofia
University as a host of the unique Bulgarian Arniarbase "St. Kliment Ohridski" on the Livingston
Island [3]; CASTRA — Bulgarian cluster for AeroSpadechnology, Research and Applications,
Bulgarian Academy of Science, and the Bulgarianakaiic Institute (BAI), member of several
Antarctic organizations (COMNAP, SCALOP, EPB andAR], which support for realization of the
proposed project is crucial. For the practical addg of the first Bulgarian university small saitell
with well-developed communication function we halesady started collaboration with the Siberian
Aerospace University "Academicidn. F. Reshetnevih Krasnoyarsk, the Russian federation. Our idea
is to apply the currently developing new Russiaivensal small-satellite platform for incorporatioh
sufficiently universal communication equipment whiwill be implemented through our efforts in
Bulgaria.

8. CONCLUSIONS

The main conclusion from the detailed analysishis paper is that the proposed development of so-
called 'tommunication functions' of university low-cost small satellites is comiely feasible and 10-
60 Mbps data-transfer bit rate in the S, C and Xdbia achievable at 1500-600-km orbit altitude. The
main benefit appears when this communication fonctis combined with the primaryiraging
function" (remote sensing) of Earth-exploration small disésl on lower-altitude orbits (400-800 km).
In such a case, the improved downlink channel coetiwith the proposed time-extended
communication sessions can easily carry out badkimansfer of recorded data from the on-board
computer with relatively small delay. In additiat, higher-altitude orbits (~1500 km), communication
functions (not loaded with large data transfer fritva satellite cameras) can easily carry out badkha
and off-line operational communications with rem&arth locations like the Antarctic and Arctic
regions. In particular, the combination between rmmication and educational functions transforms



university small satellites served by low-cost @nsity ground stations into perfect high-performeanc
scientific, communication and educational tools ahhwill be continuously developed in the next few
years.
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