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Abstract

As a response to the Swedish National Space Board (SNSB) ft@2al
Ideas” for new Swedish national space missions, we propibeedstablish-
ment of a mission consisting of a series of low-altitude Sakedatellites for
studying, in the broadest sense, radiation phenomena upter atmosphere
and ionosphere. Such a mission would be truly cross-disaipl in nature
and of high interest to many parties in Sweden and in theriatemnal space
community. It would have a strong bearing on fundamentastioes regard-
ing atmospheric and ionospheric physics (in particularditzon layer wave
and turbulence dynamics), solar impact on the upper atnewsphear-Earth
space environmental physics (notably anthropogenic tsffiage to radiation
from VLF to laser frequencies), and satellite and telecochrtelogy devel-
opment. Thereby it would constitute an excellent platfoom ihnovative
research and development of new technology of high natiandlinterna-
tional interest and importance.

On demand from the SNSB, we present here a more elaboratescie
case for the AIM spacecraft project.

1 Summary

The upper atmosphere and the ionosphere is a boundary fegiween Earth and
space which is subject to numerous interactions betweegabkglasma mixture
and electromagnetic (EM) radiation. While the plasma is tiegion is generated
mainly by the extremely high-frequency EM radiation (UVray) of solar origin,
the relatively much lower frequency EM radiation of natuaald anthropogenic
origin, emanating from sources in the lower atmospherg, thunderstorms) and
on the ground€.g, radio transmitters), gives rise to plasma turbulence kjhic
turn, may generate EM radiation. The various kinds of raaliatontribute to the
overall, and ever increasing, “electrosmog.”

The proposed Atmosphere-lonosphere Mission (AIM) will lesigned to in-
vestigate the still largely unknown mechanisms which govkeese turbulent inter-
actions. The experimental methodology, combining the teraadin situ meas-
urements from the AIM satellites and ground-based obsenstwill focus on the
following four studies:
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1. Studies of the effects of controlled radio wave injecsitnom purpose-built
radio research facilities at various locations (Arecibaggifo Rico; HAARP,
Gakona, Alaska; HIPAS, Chena Hot Springs, Alaska; EISCABNSg,
Norway; SPEAR, Svalbard; Sura, Nizhniy Novgorod, Russial%, south-
ern Sweden). Through laboratory-type experiments, a syate mapping
out of the fundamental underlying physical processes vélltlied. The
studies will include coupling mechanisms between the aidily perturbed
lower ionosphere and the magnetosphere as well as the uppesghere.
Particular attention will be paid to the role played by Afvwaves in these
processes.

2. Studies of radiation-turbulence interactions aboveygggahical regions with
a high density of very powerful broadcast and TV statioag,( central
Europe and the Far East). Comparisons with results obtamstép 1 are
expected to reveal what impact man-made radio and TV trassonis have
on the Earth's space environment.

3. Studies of EM radiation and interaction effects assediatith thunder-
storms, known to be frequent and to emit high powers of EMatéat and
poorly understood associated phenomena such as spritesin Tience of
these natural perturbations will be compared with the maxarperturba-
tions described in steps 1 and 2 to assess their relativerienue and im-
pact. These studies are probably best performed over thiesro

4. Studies of the Earth's EM environment over pristine arfeas. the Paci c
Ocean) where very few radio and TV stations are operatedamdierstorms
are relatively rare. These measurements will be used agegeneie against
which the other measurements will be benchmarked.

The Atmosphere-lonosphere Mission is envisioned as a msa iseries of
micro-satellites oriented toward ionosphere and uppepsinere research with
the objective to widen our knowledge of the intricate tudmilprocesses in this
boundary region and, in the process, widen the space apphsan Sweden by
gradually including institutions which have not partidige in space activities so
far. These inexpensive platforms would serve also as tp$#ailities for new
miniaturised devices and technologies.

The proposed AIM project will consist of two satellites oétAstrid type in an
elliptical orbit with a perigee of about 250—-300 km and abdutinclination. The
apogee should be determined in such a way that the longévibeamission is 6
months or more. A mission with two satellites is importantgoienti c reasons,
as it would make possible to resolve some problems relategetio-temporal am-
biguity discussed below. It would be also interesting anallehging for Swedish
space industry, which has a suf cient experience with dgmient and manage-
ment of single satellites.

Atmosphere-lonosphere Mission
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AIM will supplement a number of previous space missions.egssuccessful
Swedish satellite missions (Viking, Freja, Astrid 1-2) daxplored mainly au-
roral phenomena in the magnetosphere in the altitude rad@@-13500 km. The
Cluster Il spacecraft measure even further out in the magpeere. AIM with its
signi cantly lower orbit will investigate a different regh of the near-Earth space
environment. The recent Odin satellite at 622 km (highétualé than AIM) is fo-
cused on astrophysics and atmospheric sciences. Whereas @dlual discipline
mission, AIM with its explicit cross-disciplinary focuseles to engage new users
of space experiments and thereby to catalyse new elds efres collaborations
in the Swedish physics community.

AIM will also supplement the CORONAS-1 measurements of #tha noise
in the lower HF band.

Furthermore, AIM with its focus on electromagnetic phenaom&ould sup-
plement the SAMPEX (Solar, Anomalous, and Magnetosphexitidke Explorer)
mission. SAMPEX with its near polar orbit (520-670 km) wasated entirely to
the detection of energetic electrons and ion compositiantidularly, the mission
surveyed relativistic electrons and measured its impadherupper atmosphere.
The energetic electrons would come from solar ares, supgrexplosions, or
be precipitated radiation belt electrons due to lightnimghunderstorms. Thus,
widely different regions of space are coupled by acceldratectrons. One of the
tasks of AIM would be to similarly study coupling between dtenosphere, iono-
sphere, magnetosphere, interplanetary and intersteleres but from the point of
view of electromagnetics. For example, precipitating gagc electrons, whether
from the radiation belts, solar ares, or further out in spaproduce electromag-
netic radiation when interacting with the dense atmospHaegection of this radi-
ation allows monitoring of the energetic interactions freame distance without
the spacecraft actually having to be exactly in the sameonegs the energetic
electrons, which is also expected to give more data. It ismoserstood that thun-
derstorms in the troposphere are strongly coupled to thdayieg atmosphere,
ionosphere, and magnetosphere. The in uence of lightnimged electrodynamic
processes on the global upper atmosphere and near-Eadé epaironment is
emphasised by the fact that up to about 2000 thunderstomractive at any time
around the Earth, with about 40000 lightning dischargesiwowy every second.

2 AIM Science

Several successful Swedish missions have explored ayptoeabmena in the mag-
netosphere at the altitude range 1000-6000 km (Freja, ¥/tstrid 1/2) and the
recent Odin satellite contributes to astrophysics and spimeric sciences. Fur-
thermore, a number of satellites have explored distant etagpheric regions, the
most prominent example being the ongoing Cluster projeldt [dnd several mis-
sions aimed at the investigation of other planets, asteraiti comets are now
being implemented by NASA, ESA and the Japanese Space Agency
However, the international space science community isepiths witnessing
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vibrant multi-disciplinary research and a rapidly expawgdirontier concerning the
interaction of the upper atmosphere and ionosphere. Theareh concerns elds
such as atmospheric electricity and electrodynamicsydich that of thunder-
storm centres), space weather, in uence of solar activitglimate, to mention a
few. In view of this important activity and, on the other hatite decades long
trend of missions further and further out in space, we woikld to see a mis-
sion back to the Earth with a fresh, innovative perspectitictvalso comprises
environmental and technology aspects.

The atmospheric-ionospheric regions below typical spaatile altitudes (350—
400 km) are very poorly explored by measuremémtsitu because of atmospheric
drag which shortens satellite lifetimes. This region is ajon scienti cimportance
because it is a transition region between the neutral atheve@nd the completely
ionised magnetosphere, with strong ionisation gradiehstric jets, complicated
chemistry, turbulence, dusty plasma and complex physiceahpmena. The pro-
cesses in this transition region connect the solar and ntagpieeric effects with
the atmospheric response which, in fact, determine spaegheein the Earth's
environment. This region is also the part of the Earth's aphere where electro-
magnetic radiation from natural sources such as lightniagd arti cial sources
such as radio, TV and radar transmitters, exhibit resonandeother interaction
phenomena. The impact of these natural and man-made eaffetiie Earth's space
environment are of major public concern. Hence, studiesicl ffects are called
for. On the other hand, the ionosphere is a region of closuregnetospheric cur-
rent systems and a re ection layer for Ailm wave resonators. Consequently, the
proposed mission is of considerable interest also for the sond-magnetosphere-
ionosphere coupling.

The AIM satellites are to be designed for correlated studigghenomena as-
sociated with electromagnetic radiation, of natural as ashnthropogenic origin,
in the ELF to HF (DC-30 MHz) and microwave ranges as well as X}yay, and
gamma radiation. We suggest a rst constellation of two litde in the same low
altitude elliptical orbit in order to help resolve the spat&émporal ambiguity of
space measurements as illustrated in Figure 1.

The high-frequency receiver on Freja satellites operatddup to 4 MHz with
short snapshots of 0.5 ms. Still, it provided a wealth of neferimation on para-
metric interactions between Langmuir and lower hybrid vgav&n example of a
time-series recorded by this instrument is shown in Figurél2e AIM instrument-
ation will provide a considerably more comprehensive daiselwith time-series
data which will be used for advanced study of wave processtgitopside iono-
sphere.

2.1 Man-made radio wave effects on the atmosphere-ionosphe

In situmeasurements of the turbulence driven by a powerful radi@\vathe iono-
sphere has been recognised as the single-most importariment to advance our
understanding of the response of the ionospheric plasniageiectromagnetic ir-
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FIGURE 1: Sketch of arn situ experiment measuring the response of the
ionospheric plasma to the irradiation of an electromagrvesive eld from a
powerful ground-based radio transmitter.

radiation [16, 20]. In addition to being important to fundamal plasma physics

such measurements are instrumental to understand theseffeanthropogenic

activity, due to, for example, radio broadcast transnstten the near-Earth space
environment.

The controlled injection of powerful HF radio waves from pase-built ground-
based radio facilities into the ionospheric plasma hasttatesd an excellent tool
to study systematically the near-Earth space environnahita responses to ex-
ternal and internal in uences as well as the physical pples that underpin the
processes in question.

Controlled experiments using purpose-built radio traiers have shown that
non-linear interactions in the ionosphere give rise to edilee secondary EM ra-
diation [29]. This radiation is particularly strongly et®il when the frequency of
the injected radio wave is near a harmonic of the ionospledeictron cyclotron
frequency [3]; see Figure 3. Similar sideband structuresapected when radio
waves from powerful broadcast stations propagate in thesiolnere. Critical ele-
ments of the theory are still missing. Only measurements fAdM or similar
spacecraft can provide the necessary experimental ingahwinakes it possible to
understand the complicated non-linear ionospheric plgsmeesses responsible
for the sideband emissions.

By the use of the Tromsg HF heating facility it is proposedadiqgrm exper-
imental measurements boi situ from the AIM satellites inside of the heater-
induced patch and from supporting ground-based measutenratuding SEE
techniques, and multi-static coherent HF scatter stuik3CAT UHF incoherent
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FIGURE 2: Examples of dynamic waveform data captured by the Freja HF

receiver. We can expect this and more for the AIM satellitdtie AIM

digital receivers are designed to much better cope with siath than the
Freja receivers.
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FIGURE 3: Examples of noise-like Stimulated Electromagnetic Eiis
(SEE) sidebands around an HF signal, transmitted from tbergt, at fre-
guencies below, at and above the fourth electron gyro freguin the iono-
sphere. These results from experiments 1998 at the SutiyfaRussia [3],
where the primary radio wave frequency was swept acrossotighf gyro
harmonic, clearly show the extreme sensitivity of the etmn of the side-
bands (and the ensuing loss of energy in the primary radiga§ign this
frequency relation.

scatter radar studies, optical measurements and the IMA&G&IBatometer network
in Scandinavia.

One hypothesis that will be tested is that the anomalouselling of radio
waves that was observed in earlier satellite experimer@$ il caused by the
coupling to Langmuir waves. In radar experiments such Larngmaves have
been observed at the ionospheric topside during HF inferecat the bottomside
[14, 17, 18]. With AIM measurements situ we want to test the hypothesis that
the unexpected observations are due to kinetic tunneltinghich the electrons in
the inhomogeneous ionospheric plasma are trapped insdeetfrconsistent po-
tential and keep their phase memory until they reach theidar of the potential
and there arrive in phase again causing the recurrence aftigmuir wave as il-
lustrated in Figure 4 which was obtained by solving the Wabtaxwell equations
numerically [9, 10].

The planned highly sensitive LOIS-LOFAR space radar inmeestern con-
tinental Europe and southern Scandinavia [28] will be a ¥rrful tool for such
studies in the future; see Figure 5. LOIS-LOFAR will providéormation about
the physical processes going on along magnetic eld linespionted on Tromsg
at different altitudes. A 3-D view of the experiment georydty the use of multi-
instrument ground-based observations combined withtinAiM satellite meas-
urements is shown in Figure 6. A similar experiment strategyy be used also at
the HAARP and HIPAS facilities.
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FIGURE 4: Phase space plots of the Langmuir wave at four differen ti

steps after the appearance of the wave at the bottomsidepbare (left-

hand part of phase space). The reappearance of the Langauérisvclearly

seen at the topside ionosphere (right-hand part of phasekpfter 2500
plasma periods (panel d).
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LOFAR and LOIS sites

FIGURE 5: Proposed LOFAR and LOIS sites.
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FIGURE 6: The geometry of EISCAT/Heating/AIM experiments suppdrt

by ground-based instruments such as the bistatic HF sqzdssive radar

London-Tromsg—St. Petersburg and the planned LOIS deep spdar fa-
cility in southern Scandinavia.

It has been observed in the equatorial ionosphere (EXO&s3)ell as in the
polar ionosphere (ARCAD-3, ISIS-2, Freja, FAST) that HF ssion enhance-
ments can manifest themselves in terms of narrow bandssldcddse to the fre-
guency of the resonance cone and broad bands but is not abeayedated to
the upper-hybrid frequency band. On the other hand, eninagtieat the upper-
hybrid range in the polar ionosphere was permanently dedent board ARIEL-3,
ARIEL-4 and EXOS-C. In spite of many theoretical models @& thechanism of
generation of upper-hybrid emissions such as (i) incotiéfavilov-Cerenkov ra-
diation; (ii) ampli cation of incoherent emission by varie convective plasma in-
stabilities; (iii) generation of noise in the antenna byrthal plasma uctuation, it
is still unclear which geophysical conditions favour theigtion of upper-hybrid
emissions.

The spectra measured in the HF frequency range onboardtéredamos-19,
Cosmos-1809, ACTIVE, APEX and CORONAS-I satellites regdalnusual fea-
tures suggesting a strong modi cation of the electron pkasmthe topside iono-
sphere over densely populated areas of Europe and Asia.oth#dn of broad-
band enhancements of about 20 dB relative to the cosmic oeesethese areas
is evident. It is worth mentioning that the geographicalerage of emission pat-
terns below the ionospheric critical frequerfgy, does not follow exactly the geo-
graphical coverage of those in the frequency higher tlaan The local time of the
coverage of the broadband enhancement of this emissionds<em the evening

Atmosphere-lonosphere Mission
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to the morning hours and its intensity depends on the geoetiggactivity. There
exists a certain threshold of the radiation impinging on itre@sphere to excite
the plasma response. In this context correlated grouneeldasating and overhead
satellite measurements are still needed for better uratetistg of these processes.

The HF emission from permanently operating ground-baseaddmasting trans-
mitters traversing the ionosphere and its large scale tsireg observed in the
topside ionosphere display all ionospheric global pasterfhis picture contains
also HF radiation components from thunderstorms. The mitiog of these pat-
terns, as well as an elaboration of the tools for extractalgaive information on
their dynamics can be used for monitoring the electromageebsystem for space
weather purposes.

2.1.1 lonospheric-magnetospheric coupling

Recently it has been discovered that man-made perturisdiiom the ground by
radio waves can have an impact on the ionosphere-magnetespbupling in the
form of arti cial triggering of auroral activations, plasarinstabilities, electromag-
netic emissions and other non-linear phenomena [1, 2]. df isigh importance
to obtain further evidences for the modi cation of the etechagnetic ionosphere-
magnetosphere coupling due to effects of radio waves fremgtbund on the high-
latitude ionosphere, including the role of the plasma inifitees and non-linear
phenomena in the arti cial triggering of auroral activat® Which non-linear
plasma physical mechanisms are responsible for this gmilgemic effect is still
an open question. Correlated and detaitesitu measurements of this ionospheric
turbulence from AIM-like satellites are the only means ttilsehis question.

Taking into account the distinctive behaviour and featofehe night-side au-
roral ionosphere such as the ionospheric convection, atigihed currents, intense
electrojets and precipitating particles, one can expettttte propagation of high-
power radio waves in this medium can lead to the excitatiomodli cation ef-
fects not encountered in the day-side undisturbed ionasphtevas discovered by
Blagoveshchenskaya et @l] that the injection of HF radio waves into the night-
side auroral ionosphere leads to the modi cation of the spi®re-magnetosphere
coupling that, in turn, may cause the triggering of localosal activations in the
magnetic ux tube footprinted on the HF heating facility &ied at auroral latit-
udes. In this respect further studies of the physical pseEzand phenomena, and
possible mechanisms for the modi cation of the ionosphmagnetosphere coup-
ling due to the impact of powerful HF radio waves on the adran@osphere are
called for.

2.1.2 lonospheric and magnetospheric Aliwesonators

In various theories of ionosphere-magnetosphere inferestthe existence of two

resonators is postulated: one that con nes Alivwaves bouncing between the
ionosphere and the low density region & Xauroral acceleration region), which
should produceirca 1 Hz oscillations in the electromagnetic elds and particle
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[27, 30]. The other is a global oscillator which correspotalsAlfvén waves
bouncing between northern and southern hemispheres, wbrcgspond to a few
minutes oscillation period [27]. Two AIM satellites yingrothe same orbit with a
1 minute separation time (TBD) would be able to investigat®iming and re ec-
ted waves, and in this way contribute to resolve this imputbat still controversial
problem.

It is essential that the frequency range be extended dowhetadar-DC level
in order to investigate several phenomena, which have rert besolved by pre-
vious missions, but are of considerable interest for thedssteand international
space physics community. Thus, measurements of electlicregnetic elds in
the frequency range 0-1 kHz (which covers Afy; ion cyclotron and ion plasma
modes) could provide answer for the following outstandirmptems:

2.1.3 Small-scale currents, dispersive Afwaves

Previous Swedish missions (Freja, Astrid-2), have revktalgremely strong cur-
rents of 500mA/m? on spatial scales of 200 m, which corresponds to electran ski
depth at ionospheric altitudes. Normal eld-aligned cutsein auroral zone are
hundred times smaller. These small-scale, intense cwsterdtures are associated
with strong electron heating and production of higher fiesgry Langmuir and
whistler waves. The current structures are postulated telaged to dispersive
Alfv én wavesij.e., Alfv én waves that propagate oblique to the magnetic eld and
produce short-scale striations in the direction perpandido the magnetic eld.
There is a number of questions related to these structuieat Which altitude
are they produced? (ii) what is the role of ionospheric réi@ts in producing
the structures? What is life-time and stability of theseenis? These important
questions could be answered by instruments on two propoBddatellites.

2.1.4 Mechanisms for out ow of ionospheric ions

What is the initial mechanism that pre-heats the ionosphens (mainly oxy-
gen) which then are ejected upward by the mirror force andlighelectric elds,

is a widely debated problem. The postulated mechanismadedower hybrid
waves, ion-cyclotron waves, and dispersive Aliwvaves via a stochastic acceler-
ation [13, 23]. Since the proposed wave instrumentatiorcail the possible ion
plasma frequencies, we should be able to determine the dmiriiransverse heat-
ing mechanism that operates at the topside ionosphere.hisgpurpose a Lang-
muir probe operating in the ion current mode would be appatgpcomplement of
the AIM instrumentation. Experiments show that ion out oe&n be caused by
radio waves from powerful radio transmitters.

2.2 Natural thunderstorm effects on the atmosphere-idrersp

Following some lightning ashes from energetic thundestas, blue jets and red
sprites (see Figure 7) are observed in the atmosphere abevdduds and into
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FIGURE 7: Lightning-induced red sprites.

the ionosphere [25, 26]. This phenomenon clearly demaestthat the EM elds
generated by thunder-clouds and lightning couple stromgtly the upper atmo-
sphere and the ionosphere. Measurement of EM radiation figdgoiencies of
10 MHz from low altitude satellite would be able to quantifyetmagnitude of the
electric elds produced by thunderstorms at those altituded compare the res-
ults with theoretical predictions. Moreover, the data doo# correlated with the
weather information and radar observations from grounddbatations to observe
the enhancement of the EM elds due to thunderstorms andnigh ashes with
an aim to quantify the heating of the ionospheric electrarsto terrestrial thun-
derstorms. The data could also be combined with the infaomain lightning
strikes coming out from the Swedish and US lightning dimttnding systems to
correlate the individual enhancements in the EM elds obedrat high altitudes
with the individual lightning ashes.

Balloon-borne gamma-ray and electric eld meters laundhemithunderstorms
detected a three-fold increase in the gammaray ux as tHedrabscended through
the anvil of the thunder-cloud [4, 5]. The theory suggesastite gamma ray bursts
are produced by the acceleration of cosmic ray producededeettons in thunder-
storm electric elds. This theory calls for a simultaneousasurements of the
EM elds and the gamma ray counts and correlation with thesenee of lightning
activity.
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The rst positive band of N is the dominant optical emission of sprites that
occur in the altitude range around 70 km. An optical recotidar could detect this
band would be able to record the occurrence of sprites inespad time around
the globe. This information could be coupled with the grolnaged lightning
detection systems to evaluate, not only the number of sttt are created in the
upper atmosphere per second, but also the conditions urtdeh whese lightning
ashes are created.

2.3 Modelling

Satellite-based mobile multimedia networks are expeaedy a signi cant role
in next generation mobile communication systems and amgriatend essential
part of the global multimedia infrastructure. This is besmuhey can provide
cost effective access to the global multimedia infrastitecin areas where their
terrestrial counterparts require high cost and, in generad cient utilisation. De-
ploying satellite mobile multimedia networks in these araad integrating them
with the terrestrial mobile infrastructure, mobile mul&dia services could be
offered seamlessly worldwide. For the above reason, it poitant to investigate
the performance of these systems and to engineer appepadhitions capable of
providing multimedia services characterized by high traission rates and better
quality of services (Qo0S). In this context, a number of ddfd satellite con gura-
tions will be considered.

The AIM satellites will, together with the planned LOIS ia$tructure, provide
a ground-space infrastructure which can be used to modetemtddeas for new
methods of satellite communications, in particular midtimput, multiple-output
(MIMO) techniques [22].

The Department of Scienti ¢ Computing at Uppsala Universias a well es-
tablished high competence in using and developing numenietihods for the solu-
tion of partial differential equations typical for the typéphysical problems to be
studied in the AIM mission such as ow problems, electrometimradiation and
wave propagation [6, 7, 8, 9, 10, 12, 21]. A new parallel cotepwith 48 pro-
cessors has recently been installed and a PC cluster iglaleailt the department.
These computing resources will be used to model both thelembe and radiation
physics and the electromagnetic properties of the AIM platfand antennas. In
an ongoing project in cooperation with the Institute of SpRbiysics, the nonlin-
ear interactions between particles and electromagnediatian in a magnetised
plasma are modelled by the Maxwell-Vlasov equations. Theggns are solved
accurately in large scale simulations on these machines.

3 Technology

The mission with its requirements for smart and small pajdcand spacecraft is
important for advanced technology development and of egirgerest to industry.
The same can be said about the low orbit and high data trarasésrrequired. The
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low orbit gives an opportunity for technological developrtseto reduce the aero-
nomic drag on the spacecraft. The experimental data on tiespheric plasma
physical conditions that the AIM mission will provide, withake it possible for
the scientists to better describe the non-linear aspedtseoiteraction between
radio signals and the ionospheric plasma and thus, as aoffpiprovide the tele-
communication industry with more accurate models and toolsiaking optimum
use of space for telecom purposes (satellite phoneskriiat in the skyetg. It
has namely been realised that the link budget analyses roatteeke applications
have not included a correct model of the propagation medibmglasma) simply
because the knowledge about this medium was not good enésgicent exper-
iments have shown, the interaction between several stiatig waves, separated
by frequencies that are resonant in the plasma, will give tasturbulence, phase
distorting irregularities, a population of high-energetiectrons, signal damping
and noise.

Further, by providing simple telemetry receiving systeorssfducational insti-
tutions a public outreach of unprecedented impact woulddieegl, which comes
in addition to that of the obvious scienti ¢ environmentasues being addressed
and the advanced technological requirements by the mission

IRF in Uppsala have nearly twenty years of experience inldgusg advanced
digital HF radio systems for scienti ¢ use and have, during past several years,
developed similar systems for satellites within the SN8Bded project “Nano-
satellite Technology.” The design, construction and gyqimg of the digital re-
ceivers is now nished. In addition to the IRF HF radio systeitne payload will
contain other EM radiation sensors, include DC electricaadnetic eld sensors
and a Langmuir probe.

The Department of Signals and Systems at Uppsala Univexditgontribute
equipment for experimental studies of the telecom aspddtseomissions. This
includes communications equipment, passive antennasaraagl radar. Antenna
systems for the telemetry transceivers will be designel thié objective to min-
imise the shadowing of the solar cell from the antenna elésnearmere novel ways
of monolithic integrating the antenna with the solar cetlald be a solution. Com-
munication systems developed over the past years withiN#m®-satellite Tech-
nology development project, as well as the signal procgssiathods for satel-
lite data, and algorithms for safe communication and temsf such data, have
reached a considerable level of maturity.

During active experimentation with HF wave induced plasoraulence, the
telemetry receiver will be used to try to detect microwawdiation associated with
the turbulence. Radiation of this type was recently dispedeat 600 MHz [15].
With AIM we will be able to perform an independent search fdf kadio wave
induced microwave emissions.

To enable this cross-disciplinary mission to become a fpoaht for innov-
ative cross-fertilisation in science and technology it $samntial that the plasma
measurements are complemented by instruments from nditidraal space users.
As an example, the Department of Radiation Research (ISVppsala University
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FIGURE 8: The DIXI system Angie chip developed at Department of Radi
ation Research at Uppsala University.

will provide sensors for extremely high frequencies/erer@nd expertise in the
detection of high-energy photons and patrticles.

The Digital X-ray Imaging project (DIXI) at the ISV has dewpkd a readout
circuit with 31 32 pixels each consisting of a pre-ampli er, shaper, disanator
and two counters [24]. The chip itself can be viewed in Figtiend the detector
board, with the Angie chip mounted, can be viewed in FigureTe circuit is
designed for subtractive imaging with single photon caunttapabilities. The
radiation hardened electronics, which is being used ingyaraccelerator exper-
iments, is implemented as a integrated circuit so the instni will be compact
and light-weight. The sensitivity to photons can be tunedélgcting an appro-
priate sensor element, typically a ip-chip bonded to thecgit, and by setting
the discrimination threshold in the discriminator. In theXDproject the energy
range 5-100keV is covered. The technology is also easillicatye to charged
particles. One of the satellites of the proposed set of twith,o& equipped with
this sensor while the other craft will have a gamma deteatsq provided by ISV.

Innovative digital electromagnetic eld vector receptdrthree-dimensional
radio antenna and receiver systems') have been developambifaboration between
the IRF group (led by Bo Thig)), the group at Signal and Systems (led by professor
Anders Rydberg) in Uppsala, and the group axj University (led by professor
Sven Nordebo). This combination of expertise and competeuilt ensure high-
quality science and technology.
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FIGURE 9: The DIXI system detector with the Angie chip.

3.1 Digital detectors for dynamic electromagnetic eld t@s

Based on the successful outcome of the development wit@rnStiSB funded
Nano-Satellite Technology project performed to date artdildel below we now
want to proceed to develop a miniaturised ight version a three-channel digital
radio receiver that now exists in a fully functional protogyversion; see Figure 10.

Highly dynamic space plasma processes which give rise tio @d@anges in
both the charge and current densities will produce trasgveectromagnetic waves
with frequencies all the way up into the multi-MegahertzganThese waves carry
linear momentum, energy and angular momentum over vasries and thus
provide important information on many regions in space, sofmwhich are inac-
cessible tan situ measurements. For the detection on-board spacecraft e the
waves and the extraction of the valuable and in most casegi@nnformation
contained in them, special radio antennas and receiversquaed.

Within the SNSB funded project Nano-Satellite Technolaginiaturised di-
gital detectors/receivers of a novel design for use ondspacecraft have been
developed and a prototype has been built and tested. Thgndegully digital and
the signals are sampled as early in the signal chain as iadtgically feasible
so that the functionality of traditional analogue receigicuits and components
(Iters, mixers, demodulators, compressors etc.) can Ipdaced entirely by nu-
merical algorithms in software. Temporarily storing therotessed digitised data
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FIGURE 10: A picture of the fully functional prototype of the threbannel

digital receiver developed within our ongoing SNSB-fungedject Nano-

Satellite Technology. The nal version will be used on theaeimational
Space Station, nano-satellites, and the suggested AlMiteste
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FIGURE 11: Block diagram of the three-channel digital receiveriguire 10.
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in fast, large on-board buffer memories before transngjttilem to the ground,
allows after-the-fact analyses of signals of relativelydaluration.

Using this data taking paradigm, signals with all their eederistics can, at any
time after their detection and recording, be recreated ftwsoe. Such software
has already been developed. This is an invaluable advantiaigh maximises the
usefulness of the data and the exibility of the observagiohlowever, this tech-
nique also puts heavy demands on the on-board detectorarBhegue-to-digital
converters (ADCs) used must be fast enough to cope with thealaesonance
frequencies of the space plasma under study (several MHz)th® other hand,
due to the limitations of a micro/nano-satellite systene, #DCs must not con-
sume too much electric power and the energy budget must heFnghermore,
they must be able to handle small signals in the presenceg® ggnals without
introducing instrumental distortion.€., have good two-signal selectivity) which
could be mistaken for a true physical effect or even swampd#tector system
completely.

Currently, the state-of-the-art ADCs which are fast enosiggim to be limited
to 14 bit linear quantisation (84 dB dynamic range) whileunatrequires some-
thing of the order 16—18 bits (96—108 dB dynamic range). Withcurrent rapid
development of ADCs, we expect low-power chips with thidieigperformance to
become available in the near future. In the meantime, we hsed 14 bit samplers
in our prototypes to verify the functionality of the meaguent technique and al-
gorithms used. In an actual experiment, for obtaining fifthtrmation on the waves
observed, one would need one sampling channel per compohiget electric and
magnetic elds, i.e., six channels. At this time of writing§éptember 2002), we
have three complete, fully functional, tested and caldatahree-channel, 14-bit
receiver ready and now want to go ahead with the productioveoight-design
miniaturised versions of these receivers to be t for an aksatellite mission. The
prototyping of the telemetry transceiver and the non-shadaelemetry antenna
has been nished.

3.2 Efcient small antennas for high-frequency (HF) radiawes

For maximum signal-to-noise ratio, an antenna for an HFteteeld should
preferably be of the order half a wavelength of the wave weckbr longer. In
the case otlectromagnetiovaves at typical ionospheric and magnetospheric res-
onance frequencies this would mean prohibitively long amés (many tens of
metres) if standard conductor antennas are used. Howevisryeell-known from
elementary antennatheory, short dipoles operate justlhasvell-sized half-wave
ones when it comes to directivity/antenna pattern. The meawback of electric-
ally short antennas is their highly reactive and very lowstage feed impedance, a
complication which can be partly solved by adding good prglaers. Using ma-
terial and geometries where the effective dielectric camisis large, the physical
length will be shorter than the electric length. We are noteeng the process of
constructing physically short but electrically longeremas with pre-ampli ers
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TABLE 1: Technical speci cation for the digital receivers

Power W

\oltages +5V, +3.3V

Digital interface LAN (TCP/IP) or RS-232

Instantaneous frequency range 0.005-10 MHz

AD converter 14 bits, linear quantisation

Digital mixer 16 bits, 1&Q baseband, 100 dB accuracy
AD converter 14 bits, linear quantisation

Bandwidth 1Hz to 196 kHz (-3 dB) selectable
Centre frequency Switchable everyrid

Inputs Three channels in parallel

in order to nd an optimum con guration for space use.

It should be remembered that the antennas on a satellitarenersed in a
plasma (often only partially ionised). But, since the caotrearrying part of a (lin-
ear) antenna does not necessarily need to be in physicaatanith the plasma,
many of the complications usually experienced with anteringplasma can be
avoided. Experience from earlier projects with antennaspice plasma (WISP
and others) and thorough studies performed make us conttiahimost of these
problems can be overcome. After all, HF radio antennas haea bsed success-
fully on satellites ever since the start of the space erat(®pu

The magnetic components of the EM eld, is best probed by @ lastenna.
Either one can use small loop antennas with laifierrite rods, or just simple loops
of somewhat larger dimensions. Antennas of the latter tgve now been built by
us and will be tested together with the digital detectorsc@irse, the electric and
magnetic antennas should be arranged in such a geometitglcation that full
3D eld measurements can be performed with the help of the sigwal analysis
algorithms, developed within our research programme.

4 Orbits and payloads

For the rst mission two micro-satellites in the same orhié suggested. The
elliptical orbit should have an inclination of about 78nd have a perigee of 250—
300 km, thus allowing for a life time of several months. Dks@dicomputer sim-
ulation studies performed by the IRF Uppsala and KTH groupbthe Swedish
Space Corporation clearly show that such orbits are indesslilple.

The satellite platform is most conveniently based on theié& technology
and on miniaturised subsystems. It seems appropriate ®thavspacecraft spin
stabilised. A precise attitude determination is highlyicgdse, while the need for
attitude control is less stringent. The avionic system &hpreferably be the CAN-
bus based micro-satellite avionics architecture desipgede Swedish Space Cor-
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TABLE 2: Mass and power budget for the magnetic sensor and booensyst

Mass

E- eld booms 0.25 kg/unit =1 kg
Magnetic sensor 0.1 kg

B- eld boom 0.7 kg

Electronics box 2 kg

Power

E-eld 2W
B- eld 2W
DPU 2W

poration and used in the SMART-1 spacecraft. The Danishé&PRasearch Insti-
tute is willing to provide a three-axis magnetic sensor-séanera combination.

TABLE 3: TheDn=n probe will be mounted on the extended magnetic boom

Frequency range 0-10kHz
Power 1w
Probe bias 30V

Boom extension and probe 0.1kg

For the HF radio measurements three orthogonal antenipadétvector sensor
con guration) sensing the momentary (electric/magnetieye vector elds will
be needed; see Table 1. The antenna currents are to be safigitetly with at
least 14 bit linear quantisation and the digital signalsthes processed partially
on-board and on the ground after being transferred overetleenetry. The pro-
cessing will be made with the help of the advanced afterfalseHF radio signal
processing software that has been developed and re nednezsety two decades
at IRF Uppsala as part of the major digital HF radio receiveretbpment work
there over the same period of time.

The boom and magnetic sensor systems are to be provided byR{Ttnd
DSRI and have the characteristics given in Table 2.

The plasma turbulence will be measured with a LangrBuaitn probe of the
standard type developed in Uppsala and used in severalomgssData are given
in Table 3.

The Digital X-ray Imaging project (DIXI) detector which wibe used as an
imager, is described in technical terms in Table 4.
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TABLE 4: Technical speci cations for the DIXI detector

Power (ASIC + support electronics) 0.5W +3W

\oltages 2V, +5V, +100V (for sensor)
Digital interface RS-232
Number of readout channels 992
Dynamic range max 16 bits
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