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Operations of satellites in Low-Earth Orbit (LEO) have been based on exploiting the
maximum time of visibility of satellites over their ground stations. In this paper, it is shown
that a key parameter for communication between a satellite and a ground station is not the
time of visibility but the amount of telemetry data which can be transmitted from the
satellite to the ground station in the downlink. Given the fact that advanced satellites may
allow a variety of data rates for downlink, switching on and off the transponder at higher
elevations (i.e. at lower dant ranges) than the minimum possible elevation allows for a
higher data rate, and thus, despite of less contact time, for a higher total data volume to be
transmitted during a given pass. The paper motivates this new approach for space-ground
communication of satellites in LEO on the background of recent technology advances and
develops the theoretical framework for enhanced communication. To this extent, an
analytical relation is established of the total data volume which can be downlinked for a
single pass as a function of the elevation at which the transponder shall be switched on and
off. The analysisis limited to a circular LEO and zenith passes. Numerical smulations of
the total data volume as a function of this minimum elevation angle are presented as well.
Finally, associated opportunities and challenges for enhanced communications ar e identified
and discussed. Conclusions are drawn for future optimized operations of LEO satellites
based on given ground segments.
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P = Power

r = Satellite geocentric distance
R = Data rate

Ry = Earth radius

t = Time

T = Temperature

A = Wavelength

Yo Range

|. Introduction

core element in the process of designing the conmation subsystem of satellites is the link buddet.
key parameter in this budget is the applied mininalavation angle. Typically, this value is applislinput
parameter in the process which primarily dependg@mund equipment, radio-frequency regulations,rafen
strategies and horizon madk#inimizing this value for ground station operaisoof LEO satellites allows a
maximum time of visibility. Similar considerations are applied from a sageltiperator point of view where the
application of minimum elevation angles as low assible is the preferred approdch

Although extensive literature exists on the optatizn of satellite operations with respect to ilased data
throughput, an analysis of transponder schedulmgeiation to total data volume and elevation hasour
knowledge, not yet been performed. In Ref. 4, aimapation of network planning and satellite oparas has been
done in a general context of mission priority astsce return for deep space networks. Ref. 5 amalyime-
varying satellite links which have flexibility imformation bit rate and/or transmit power for imyed throughput.
The elevation plays an important role in specifioljfems such as visibility conditions and rain @att&tion. Two
examples of literature in these fields are Refn@ @, which discuss the relevance of elevationldargain non-
tracking antennas and models for rain attenuatigalving elevation, respectively.

Instead, in this work a new approach is investidatdich derives the minimum elevation angle frona th
maximum of the total data volume which can be tfiemed during a pa8sConsidering an adaptable data rate,,
switching on a transponder at a higher minimumagien angle (i.e. at lower slant ranges, i.e. latéhe pass) and
turning the transponder off at this same higherimmirm elevation angle later in the pass (i.e. atgioslant ranges,
i.e. earlier with respect to the end of the paliewa a higher data rate which still satisfies lim& budget. Thus, a
trade-off may be performed between time of comnationn and data rate to maximize the total achievalata
volume.

An analytical analysis of the pass geometry ofli@® in a circular LEO has been performed whibbws that
the minimum elevation angle at which the per-paga dolume is maximum depends only on three paemiehe
Earth’s radius, the satellite altitude, and the imaxn elevation angle. Numerical simulations haverbperformed
for various scenarios. We limit our analysis to itepassages, where the minimum elevation anglehith the
total per-pass data volume is maximized, is ab8udegrees at a satellite altitude of 600 km.

Technology advances allow for various data ratdsetselected, and, in the future, as long as therigirgy to
noise power density is sufficient, flexible datéesawould enable optimized communications undeyimgrchannel
conditions and available power. However, this wwitrease the complexity of the system both on gioand in
space and poses requirements on the applied ptotoco

The presented approach to enhanced space-grounchiggoation for LEO satellites opens possibilities f
reorganizing ground operations such that freed mgtatation time can be used for other missionsthusd enables
maximum use and optimum exploitation of sparseastly ground segments in the future.

The paper is organized as follows: Technology aspetadvanced spacecraft communications are piexbém
Chapter II. The link analysis is performed in Cleaiptl. Chapter IV addresses ground station openatcontext and
needs and discusses opportunities and challengdéseopresented approach. A summary and conclusioas
provided in Chapter V.

1. Technology

New technologies offer an abundance of possitslit@ create systems with a performance that cooddewen
be imagined a few years ago. Especially in comnaiitin technology the impact is huge. Due to thesinasuse of
commercial wireless communication systems the mew@gnetic spectrum has become crowded and ireificise
of frequency bands cannot be tolerated. Moderrorddsign focuses on optimal use of the spectruns [Eads to
complex scenarios and designs, but fortunately mmotiEhnology offers all ingredients to implemdmtde designs
in a reliable and commercially interesting way. Raarcuits designed in the main-stream CMOS te&tgies can
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be easily accompanied by enough digital processowger to optimize the performance of the analoguiig’. In
addition, functions formerly performed by an analtruit are shifted to the digital domdin The immediate
benefit of this digitalization is the increasedxflality. It has become much easier to design réigomable radios
that can be adapted or adapt themselves to charggipgrements in real-tim&*3

It has been shown that it is possible to desigBMDS efficient radio systems that are able to opliynuse the
available radio link* and also that radios in CMOS technology have aréuapplication in spat&'’. Especially in
the range of very small satellites, such as picano*®, or micro-satellites built by smaller consortia émmmercial
services, the number of satellites in operatiorisrapidly grow. The frequency bands for satellit@mmunication
will become more and more crowded. However, simi&tdio systems designs in similar technologies s&sl un
terrestrial applications can become part of thatsmi.

One of the parameters to be optimized in, e.g.,Glabal System for Mobile Communications (GSM) he t
duration of radio communication. Both the radiccuait and the coding are optimized in such a way tha time
needed for communication with the base statiomdstsas possible, leaving more time for the bastost to serve
other phones. A similar situation is found for dagecommunication. The number of ground statians frequency
bands is limited, so the time used for communicasbould be as short as possible and the radieragsshould be
optimized for that. In commercial mobile radio gyss, the circuit designs and the system conceptsumh that the
effort to optimize the system for a scenario withitkerent number of base stations or mobile uisitsechnology
wise not very complicated anymore. Flexibility,aenfigurability and adaptability are key-words fapdern micro-
electronic systems. However, this must be techlyidehsible now or in the near future and accowntsystems
already in operatidil A first step forward would be the design of a gah radio system (chip) which can be
adapted or programmed to optimally perform in acHjpe satellite mission in near real-time. When thebit
parameters and communication needs are known, tmalpadio system can be implemented without tbednfor
a dedicated technology or a dedicated and thusneieand time-consuming Integrated Circuit (IC3ida effort.
Instead, the radio set-up can be uploaded to tkelligg or, alternatively, be available on-boarsl @ set of
predefined operating modes to be selected as $mocommunication needs of a pass become known. Erignit
follows that the implementation of a radio to supi@oflexible data rate, stepwise or even contirslgus feasible
and, as will be shown in the sequel, very promising

1. Link Analysis

The total telemetry data volunizto be received during a single ground station pabgtween the transmission
begin and end times andt, is given as

D= [R(dt= Ry (L= 1), 1

whereR is the data rate. Note that in Eq. (1), we assfontehe sake of simplicity that a maximum possithea
rateRyax IS selected which satisfies the link budget, bhicl is kept constant over the transmission tinteusT the
data volume depends on two key aspects: the detamdch is a function of the technology appliedi dhe slant
range between ground station and satellite andrémsmission timé, = t. - t, which is a function of the visibility
and pass geometrypperations of LEO satellites typically apply a comstdata rate over the transmission times
during a single pass.

The data rat® is a key factor in the link budget which is deed in the simplified equatidn

E, _PLGLLGLM
N, (TR ,orR=R L, (2
whereE, is the received bit energhy, is the noise densit is the transmitted power, ahdandL, as well as5,
andG; are the losses and gains of the transmitter esever chains, respectively. Furthkeg,andL, is the path loss
and atmospheric losd] is the minimum link margirk is the Boltzmann constant aifiglis the system temperature.
In the right-side of Eqg. (2Rc comprises terms implicitly defined by the leftesidquation. In Eq. (2), the path loss
is modeled ds

_(AY
L”_(4ﬂp] ’ ©

where A is the wavelength of the signal apdthe range, or slant range, between the grounéistand the
satellite. Finally, the range may be expressed &maeation of the elevatiort of the satellite above the ground
station’s horizon accordingto
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Figure 1 Normalized data rate as a function of the time into pass for a sample zenith passage of a satellite
in acircular orbit at 700 km altitude. The total data volume is the area of the recemigldicated in the figure.
Three scenarios are indicated with different trassion times and associated different data ratesn&@ios |
and Il allow the same total data volume. ScenHri® superior to scenarios | and 1.

sz,j( /%—cosz E—sinEj, 4)

whereR; is the Earth’s equatorial radius ands the satellite’s geocentric distance. With thesmlels, a data
rate which can technologically be selected amomgpua values and a given link budget, we may re@2ydvith all
factors kept constant except the path loss anddterate as a function of the range which is agdimction of the
elevation. A decrease in range will reduce the pagh and, with all other factors in the link butlgept constant,
will allow a higher data rate.

The second factor which determines the total dakarwe in Eq. (1) is the transmission time. In tbkkofving we
limit our considerations for the sake of simplicityzenith passes over the ground station. Thergkeoenclusions
are valid for non-zenith passes as well. For zemétsses, the transmission time is givéh as

3/2

o e .
p—m(ﬂ 2E 2arcsmfr£ cof ). (5)

The maximum normalized data rate possible durisgpgle ground station pass as a function of the fimto the
pass is illustrated in Fig. 1. The figure exhilihe relation by way of example of a zenith pasa chtellite in a
circular orbit at 700 km orbital altitude. The todaea under the curve in Fig. 1 is the maximunotbtcal total data
volume achievable in a single pass would the datgontinuously change depending on the path ltssever, as
discussed above, once the transmission has stdredata rate is kept constant over the transomdsiterval in a
single ground station pass. Following a theoretitsibility of the satellite at, = 0 with a maximum range of about
3200 km, a maximum elevation angle of 90 deg andramum slant range of 700 km is achieved at7.3 mins.
We have indicated three transmission scenariosgnilr Scenario | is a typical conventional operasi scenario
where the transmission starts early in the passadd late at the expense of a low data rate. Sodtiashows the
other extreme where only a small interval arouniinmation is used for transmission, however atgmigicantly
high data. Both scenarios | and Il cover the sanea, thus have the same total data volume. Inmaginscenario Il
expresses the main statement of this paper, whithat the achievable total data volume can beniged by taking
the minimum elevation angle into account as well.
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Figure 2 Normalized total data volume D (bold lin€), normalized data rate R (thin dashed line) and
normalized transmission time t; (thin solid line) as a function of the elevation. A sample satellite altitude of
700 km and a zenith pass are assumed.

With the expressions for data rate and pass duras$oa function of the elevation, we arrive at fisiowing
equation for the total data volurBeper pass

A?%r32 (- 2E - 2arcsin(co& f

167%,/GM R? (sin E-y f*- co$ E)2

where we apply for convenience the rdtio r/Ry. The normalized total data volume is displayefFion 2 as a
function of the elevatioi together with its two constituenfsand transmission timg The data rate continuously
increases with increasing elevation angle due de@easing range. At lower and in particular ahbigelevation,
this increase is less pronounced than at mediuvabm angles. The transmission time continuouslgreases with
increasing elevation angle and vanishes at zefth. product of the data rate and transmission tsrthe total
transmitted data volume which shows a pronouncediman at elevations between 40 and 45 deg for LEO
satellites. This maximum elevation angle will béedmined in the sequel.

Based on Eg. (5), we determine the derivativeDods a function of the elevatidd which vanishes for an
optimum value of the elevatidf,. This leads to

o:( [t7 - cog E,, — S, , - Co£opt(n_ E,~ 2arcsin(cds, f/ )) (7

Eq. (7) is a transcendent function of the eccehyritt is striking that Eq. (7) contains only axgle parametef;
which depends on the satellite altitudéor a given Earth radius.

Although this work is focused on optimizing recalw#ata volume for single ground station contactqractice
ground station operations must take into accouapgmation timet,., such as initialization and reconfiguration
time, outages and other operational constraintgs €an be accounted for by a relation for the méata rate
according to (Wertz & Larson 1999).

D = R(F(£™ =~ 7™) ~ tyep) /M, (8)

whereM is the margin needed for expected missed passediround station downtime aRds the fractional
reduction in viewing time due to non-zenith passes the ground station. In Eq. (2], =t —t,"indicates the
maximum visibility time for a zenith pass.

(6)
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Figure 3 Optimum elevation for begin and end of data transmission as a function of orbital altitude of
satellitesin a circular orbit.

The root of Eq. (7) has been solved semi-analyiad a function of altitude and is displayed ig.F3. In the
height regime below 10,000 km, the optimum elevatio begin and end data transmission is decreasitiy
increasing altitude from an elevation angle of &g do a value of about 5 at an altitude of 10,060 Rbove
10,000 km altitude the herein described method igesvno advantage as compared to traditional scheshe
satellite operations. Further considering that dely satellites are operated in the altitude regbeeveen 1,000
and 10,000 km, the herein described method isquaetly suitable for LEO satellites.

A linear model of the optimum elevation andlg, as a function of altituddér below 900 km is given
by E,p =45 —0.00446h [km] . 9

By way of example, for a LEO satellite in a cirautabit at an altitude of 700 km, the optimum elima angle
to start communication is 41.88 deg. This modeljoies an approximation of the optimum elevationlangth an
error of less than'2

The benefit of high data rates at high elevatiensat constant but depends on the altitude. Thikusrated in
Fig. 4 as ratio of maximum to minimum data possidta rates as a function of altitude. Again, zepasses are

applied for illustration, where the minimum rangegiven ash and the maximum range 1+2R, /h . The

conclusion that the optimum minimum elevation argleuch different from typical values applied ipevations is
also valid for non-zenith passes which are, howeweich more complicated to treat.

IV. Ground Station Operations

In the following, the above proposed approach ssulised for ground station operations. First, tmext and
needs of ground station operations is introducdéidvied by a description of a sample ground statiperations
system. Then, we discuss the opportunities andestg®s of the proposed approach for ground stafi@nations.

A. Context and Needs
Operating LEO missions is a complex task which meguinvolves interfaces, processes, tools, fasliand

infrastructure and personal. The operations of ggostations is an important element within missoperations.
Key requirements of ground station operations are

* Reliable communication with the space segment

* Real-time interface with mission control center

» Calibration of data and equipment

e Secure data archiving

e Maintenance of equipment and training of personnel.
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Figure 4 Ratio of maximum and minimum data rate possible for a zenith pass as a function of orbital
altitude.

As ground station infrastructure and staff arelgpdtis of interest to minimize ground stationesptions co?
while being compliant to the mission requireme/tground station complex typically comprises selardgennas
which have to support various satellite missionstie allocation of support requests can be sigifi for a single
ground complex, conflicting requests and a demagtehn than the possible supply force ground statiperators
and space agencies towards standardization anstsupport’. A reduction of antenna time, if possible, is #fere
of general interest to the operator.

From a satellite user perspective, performancecast of ground station support are key paramekash hour
of support requested from a ground station cogtécdyly several thousand Euros, depending on thssiom
requirements and the ground station characteristisgs, minimal use of ground station time whilés$ging the
mission requirements is of interest for the usesatéllite data.

B. Ground Station Complex and Mission Support

Ground station operations is an inherent part afsion operations. A sample network overview wittphasis
to the ground stations and the mission operatigates is shown for the GRACE mission in Fig. 5. eT@race
missiorf? comprises two spacecraft flying in LEO which aeparated in along-track direction by about 250 km.
The primary objective of the mission is to providéh unprecedented accuracy estimates of the glblugi-
resolution models of the Earth's gravity field. Apfiom Launch and Early Operations (LEOP) and icy@ncy
support, two main ground station complexes are aifwarally supporting GRACE. The 15 m S-Band antsnina
Weilheim are used for spacecraft operations indgdélemetry and telecommand functions while tizeni.S-Band
antennas of Neustrelitz are only used for paylaadrdink.

Typical acquisition of the satellite signal commesi@t around 10 deg elevation, depending on thsigniaind
ground station configuration and the environmenthsas elevation masks. Prior to the satellite pasif, a
preparation phase is required with activities sush pre-calibration and station and antenna cordtns.
Similarly, after the pass, a release time mightdogiired with activities such as post-calibratiod @ata archiving.
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Figure 5 Sample mission operations system for the GRACE science mission®.

C. Opportunitiesand Challenges

The above presented approach suggests to limit corication time between a LEO satellite and a ground

station to elevations higher than a certain andiignt threshold. This will, as compared to ttamial operations
concepts, provide an increased total data volume pass while limiting, at the same time, the neagss
communication time to the spacecraft. A prereqmisd this approach is the technology required tplyaan
appropriate data rate for the downlink.

The approach has been worked out in the simplifgeme of a LEO spacecraft in a circular orbit reaith pass
over a ground station. For a spacecraft at arud&iof 700 km, the regime of elevation angles fanmunication
suggested in this paper ranges from 42 to 90 ddile\ihe total time of visibility of a single paks an elevation
threshold of O deg amounts to 14.0 mins, the conitation time from 42 deg through 90 deg back tod4g is
only 3.3 mins. Thus, a reduction of communicationet of about 75% is achieved as compared to ativadi
scenario. This reduction frees, in principle, grbgtation time which can be used to support elgeromissions.
Similar reductions are expected for non-zenith @asghis benefit will be even larger for satellig@dower altitude.
The following provides a comprehensive summarypgfartunities and challenges, which have been ifiedti

Opportunities:

e Time freed at ground stations
» Improved cross-support between different antenoasflexes)
» Higher data volumes
» Freed backup time in lower elevations regimes,afmoperations scenario lead to problems
» Less losses and atmospheric considerations fdinthe
Challenges:
* Less communication time
e Could mean a increased risk of operations duegt@gtiuced communication time
» Acquisition of signal at later times, thus a highisk e.g. of not being able to track the spacécraf
e Less time to command, so could be especially isterg for s/c with a high downlink data rate

Based on the complexity of mission and ground @tatiperations, it is obvious that integrating thespnted

approach would have a significant impact on bottcepts which has to be thoroughly studied. Basetth@sample
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GRACE mission, introduced above, it is obvious thpportunities can, e.g., be realized in partictarstations
dedicated to payload data downlink, while minimgite risk of mission operations with different gnd station
complexes where conventional operations are peddrm

V. Summary and Conclusions

While conventional satellite operations establismmunication from low elevation angles onward$ais been
found that, assuming a fixed rate during actualsmaission, a higher total data volume can be trétesirper pass
when establishing communication only from an optimelevation angle onwards. In the simplifying cadea
circular LEO satellite orbiting at 700 km altitudte a zenith pass over the ground station, a maxinuotal data
volume for the downlink is obtained when establighcommunications from an optimum elevation andlé1088°
onwards. This angle is significantly different frotypical elevation thresholds of 10° used in norrsatellite
operations. It is remarkable that this optimum aten threshold depends only on the ratio of th@tak radius to
the radius of the Earth. The gain in total datauzé which can be transmitted during one pass istad@o for the
considered case.

This result originates from the fact that at highkvations, ranges between the satellite and ritvend station
are smaller than those close to the horizon, tmebleng higher data rates at a given onboard pdieer
communications. Thus, the minimum elevation andieutd not be considered an input parameter forlitile
analysis, but a result. This finding can signifitameduce the communication time needed for compations and
operations to LEO satellites and there have coreemps on optimizing the scheduling, and thus reducost or
increasing capabilities of ground station compleXdaximizing the total downlinked data volume persp and
optimizing the operational schedule comes, howeserthe expense of a reduced communication time aand
potentially enhanced risk of operations, unlesper@ounter actions are taken.
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