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Abstract. The Middle Atmosphere Alomar Radar System description of the radar is given hyatteck et al.(2012).
(MAARSY) is a monostatic radar with an active phased During the design phase of MAARSY and the successive
array antenna designed for studies of phenomena in theommissioning several model studies have been carried
mesosphere and lower thermosphere. Its design in particulasut in order to estimate the radiation pattern for various
the flexible beam forming and steering capability makescombinations of beam forming and steering. However, the
it to a powerful instrument to perform observations with actual radiation pattern may be inflicted by parameters like
high angular and temporal resolution. The knowledge of themutual coupling, active impedances and ground parameters.
actual radiation pattern is crucial to configure and analyzeThese possible impacts can hardly be measured or included
experiments carried out with the radar. The simulatedinto the model, which requires experimental methods to
radiation pattern is evaluated by the observation of cosmicverify the model results. For this purpose, the radar has
radio emissions which are compared to a Global Skyoccasionally been used in passive mode, monitoring the noise
temperature Maps model consisting of the most recentpower originating from both distinct galactic radio sources
thorough and accurate radio astronomy surveys. Additionallflike e.g. Cassiopeia A (RA: 23h 23.4m, Dec: +88.9),

to these passive receive-only experiments active two-wayCygnus A (RA: 19h 59.473 m, Dec: +244.035) and the
experiments are presented, which corroborate the findings odomplete diffuse galactic background noise. The analysis
the passive experiments. of this receive-only mode data enables us to verify beam
forming and steering attempts. These results document the
current status of the radar and provide valuable information
. for further improvement. Similar attempts were described
1 Introduction in e.g. Czechowsky et al(1984, Palmer et al.(1996),

. . echa(1999, Campistron et al(200J), Carey-Smith et al.
In this paper we present the recent experiments performe 003, Fukao et al(2003, Swarnalingam et al(2009a,

to validate the simulated radiation pattern of MAARSY. : ;
Swarnalingam et a(20090, Renkwitz et al(2011).

The Middle Atmosphere Alomar Radar System was built g : b (2019

in 2009/2010 by the Leibniz-Institute of Atmospheric

F;gyglgsN(l:lAg 2)2?5 thl\e/l AiaRnSdYAr;ldg ya in Nortgern dNorw?y pattern of the MAARSY radar. First we will focus on
(69. P )- allows Improved studies o assive experiments monitoring galactic radio emissions

thedatrr::tic atmosphherellin thetl';roposphr? re/Iovv_ter: sht_rar:osphtg;%nd compare the observations to a model of Global Sky
an € mesosphere/lower thermosphere wi 'gh spat emperature Maps of radio emissions (GSM). Subsequently

ggdstlaﬁporglhresolut.lon. :‘—he :jnonostatlc radar operates aé/e will present active experiments where we used satellites
: Z with an active phased array antenna consisting oLy £arihs moon as a target. Finally we will present a

.433 Yag! antennas. E.ach' individual antenna is connectgd t%ummary and conclusions for the current stage of this study
its own transceiver with independent phase and amplitude, |, give an outlook to forthcoming experiments
control. These properties give the radar a very high '

flexibility of beam forming and beam steering. A detailed

In the subsequent sections we will describe and analyze
the experiments we used to evaluate the current radiation
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we performed a scan between 0 and® 3enith angle
pointing to 180° in azimuth. These experiments were
scheduled with other experiments in sequence for a total
observation time of few days. The subsequent comparison
of our observations with the Global Sky temperature Maps
(GSM) by de Oliveira-Costa et al2008 revealed the high
similarity between both. This model is comprised of the
eleven most accurate sky surveys and allows the generation
of Quiet Day Curves for a specific frequency chosen by the
user. To adapt the native resolution of the GSM to the radar
we convolved the GSM data with the simulated radiation
pattern and included the typical noise figure of the receiver
front ends and the losses in the coaxial cable to the antennas.
Finally, we found a very good agreement between the GSM
data and our observations pointed out by a correlation factor
of 0.98. As the total detected incident power is depending
on the comprehensive radiation pattern including all side
lobes, we were confident that the radiation pattern is similar
to what has been simulated afore. For more details of the
experiment settings and analysis $&enkwitz et al.(2012
and references therein.
Fig. 1. Sketch of the MAARSY VHF radar antenna array. The  To underline these findings and to confirm the apparent
colored subgroups mark the MAARSY343 subarray. impact of the side lobes, we performed another experiment
using the total antenna array for a campaign based cosmic
radio noise observation. For this purpose all groups of
2 Passive experiments observing cosmic radio noise the antenna array were connected to individual receiver
with MAARSY channels. The results of this experiment have been presented
in Renkwitz et al.(2013. We clearly found an increase of
Earlier experiments observing cosmic radio emissions withincident power for the distinct radio sources Cassiopeia A
MAARSY were limited to the use of almost 80% of and Cygnus A and a decrease of power around the “cold”
the MAARSY antenna array, named MAARSY343 (see, part of the sky resulting in approximately 1 dB more dynamic
Renkwitz et al.2012. The amount of antennas was limited of incident power. This confirmed the obvious assumption of
by the constraint of selectable antenna groups that may béhe radiation patterns impact to the detected galactic radio
connected to the 16 receiving channélatteck et al.2012). emissions. In the most recent sky noise experiments we
To generate the total radar beam the individual receivingwere able to use both, a hardware combined beam of the
signals from the antenna groups have to be coherentlyotal antenna array (MAARSY433) and the earlier described
integrated. For these experiments we used seven antenMdAARSY343 simultaneously. The simulated radiation
groups, each composed of 49 antennas, resulting in 34Battern of MAARSY433 and MAARSY343 antenna array
individual antennas in total. With this arrangement we with an overlay of the trajectories of Cassiopeia A and
were able to identify three distinct cosmic radio sources,Cygnus A are depicted in figui
Cassiopeia A, Cygnus A and Taurus A (RA 05h 34m
31.97s, Dec. +22082.1’, studied by e.gVinyajkin, 2005,
and the signature of the Milky Way. For the analysis of beam3 Comparison of observations with a Global Sky
forming and pointing and the estimation of the beam width  temperature Maps model
we concentrated on the two major natural radio sources —
besides the sun —that can be observed in the lower VHF banth this section we will compare the observations of galactic
on the northern hemisphere. As Taurus A is positioned atradio emissions done with MAARSY to the Global Sky
only 22 declination, it is generally out of the beam pointing temperature Maps (GSM) afe Oliveira-Costa et a{2008.
cone of MAARSY. However, the observation of this radio One of the first extensive surveys has been presented by
source has already been used to demonstrate the capabilityjaslam et al.(1974, Haslam et al.(1981) and Haslam
to steer the radar beam to such far off-vertical directions. et al. (1982 for a frequency of 408 MHz, which is still
With the observation of galactic radio emissions we used as an all sky reference nowadays. Detailed studies
focus on the angular and temporal power distributionof cosmic radio emissions at approximately 1.4 GHz were
originating from Supernova remnants, radio galaxies andoresented by e.dReich et al.(1997). For lower frequencies
the diffuse cosmic background radiation. In the experimentghe earlier cosmic sky noise surveys eGane(1978 are

Adv. Radio Sci., 11, 283289, 2013 www.adv-radio-sci.net/11/283/2013/



T. Renkwitz et al.: New experiments to validate the radiation pattern 285

6=10° fcirc ‘G, 33.15Bi 6=10%circ - ‘G, = 31.64dBi
T =180°,6=10° -3 T ° e 0=180°,0=28° -3
=z =z
-9 -9
[aa) o
2 -15 s = 1-15 o
8 g 8 g
c 1-21S & 1-21S
T ©
=27 =27
-33 -33
%) %)
\J A
‘ ‘ -39 ; : -39
- -0.5 0 0.5 1 -1 -0.5 0 0.5 1
«—W sin(®) sin(o) E— «—W sin(®) sin(¢) E—

Fig. 2. Simulated radiation pattern of the MAARSY antenna array in top view, using 433 array elements while pointing to the radio
sources Cassiopeia A & 180,06 = 10.5° — left side) and 343 array elements pointing to Cygnug)A=(180°, 6 = 27.5° — right side).

The corresponding trajectories of both radio sources are depicted with dotted circles. The individual radiation pattern are depicted relative to
the maximum gain with an overlay of equidistant rings of eachZdhith angle. For these simulations the Numerical Electromagnetics Code
(NEC) with the Norton-Sommerfeld approximation was used implicating the mutual coupling of antennas and the influence of imperfect
ground.

based on observations with a°1Wwide beam. The map Recently, we pursued this comparison by creating 2-D GSM
of this survey appears smoothed due to the larger bearmaps matching to the scan experiments we performed with
width in respect of MAARSY, thus, it does not show the MAARSY.
dynamic range. However, there have been narrow beam We generated these GSM maps with a resolution°pf 2
studies at 22 MHz byRoger et al.(1999. Every of these besides the apparent zenith pointing angle to the major
studies implies valuable information for further comparisons,noise sources Cassiopeia A and Cygnus A. However,
while the difference in the observation frequency has to bewe possibly not exactly matched the position of these
considered. Recentlge Oliveira-Costa et a{2008 derived  sources in the GSM. Subsequently, the GSM map was
a model to create global sky temperature maps for any useinterpolated to a resolution of lwhich is the typical angular
defined frequency in the range from 10 MHz to 100 GHz. Thestep size of the observations. To adapt MAARSY to the
model is based on the merging of the eleven most accurat&SM data, we needed to include a polarization efficiency
radio astronomy surveys. At our frequency of interest, thisfactor since in 2012 the upgrade of MAARSY to circular
results in a GSM with significantly increased resolution polarization has been initiated. Hence, one hexagon and
compared to other sources. The accuracy of the GSM i®ne anemone group, with 7 and 49 antennas respectively,
given to 1- 10% depending on frequency and sky region. were converted to circular polarization. The polarization
For our observation frequency the GSM is highly dependentefficiency is estimated strictly to the amount of circular
on the 45MHz surveys oMaeda et al.(1999, which polarized antennas to the total antenna array used in the
have been performed with the MU radar for the Northernindividual experiments and the loss in the polarization
declinations and omRoger et al.(1999 using the 22MHz  unit and feeding system, leading to 0.52 and 0.525 for
DRAO radio telescope. The angular resolution and beanMAARSY433 and MAARSY 343 respectively. Furthermore,
width in especially the latter survey is better than the beanthe current status of the ongoing polarization upgrade of
width we used for the observations with MAARSY. The MAARSY inflicts the apparent radiation pattern, where the
fine structure in the GSM relies on observations performedside lobes are slightly deteriorated due to amplitude tapering.
on higher frequencies. Hence the model data offers art has to be noted that for the generation of the GSM
appropriate angular resolution for further comparisons. Amaps the ideal simulated radiation patterns have been used,
similar approach have been used$tpber et al(2017) for disregarding the actual amplitude tapering. Therefore we
the calibration of meteor radars. assume to see more dynamic range of the incident power in
In Renkwitz et al. (2012 we concentrated on the the GSM maps than in the observatio@hau et al(2013
comparison of quiet day curves (QDC) obtained by thepresented a method to gain information about the actual
radar observations and the GSM data. These QDC wer@hase distribution of the antenna groups and the dedicated
generated for fixed zenith angles for an entire sidereal dayreceivers. The derived phases have been considered to

www.adv-radio-sci.net/11/283/2013/ Adv. Radio Sci., 11, 28339 2013



286 T. Renkwitz et al.: New experiments to validate the radiation pattern

=)
-

MAARSY433 - 0 1
attenuation / dB
MAARSY343- 0 1

n
8
attenuation / dB

30

attenuation / dB
attenuation / dB

2 4 6 8 10 12 14 16 18 20 22 2 4 3] 8 10 12 14 16 18 20 22
sidereal time /h sidereal time /h

Fig. 3. Distribution of incident noise power over local sidereal time Fig. 4. Alike figure 3, distribution of incident noise power for
and zenith anglé for a scan withinp = 180°, 6 = 0-34 received =~ MAARSY343, GSM map and deviation.
with MAARSY433. The highlighted point-like radio sources are
Cassiopeia A = 10.5°) and Cygnus A{ = 27.5°). The middle
and bottom panel show the generated GSM map for the equivalendiffers by about 0.6 dB, while the simulated gain of the
scan and the deviation from the observation. two different sets of arrays differ by about 1dB. However,
the apparently different attenuation of side lobes in the
radiation pattern and the inherently existing losses and phase
generate the MAARSY343 beam which is used in the recenfléviations in the additional combiners used to generate
experiments, presented in this paper. FigBesd4 show MAARSY433 have to be considered. Furthermore, there
the detected incident power in the upper panel, succeeded HA" be.seen a weak contribution of persistent noise power
the GSM map generated for the associated radiation patterfpr zenith angles around®3&nd 12 for MAARSY433 and
and finally the apparent deviation for both MAARSY433 around 8 for MAARSY343. This practically permanent
and MAARSY343 respectively. It has to be noted that contamination seems to be related to the floodlights placed
the observation data comprises a single polar winter dayit the circumference of the antenna array, which were used
in end of November 2012 but characterized by very low for maintenance at the radar while these experiments were
geomagnetic activity and distortions related to interference conducted. _ _ _
In general we found a very good agreement to the GSM Interestingly, having a detailed look into the halo around
however the individual “point-sources” Cassiopeia A and the distinct radio sources, preferably around Cassiopeia A
Cygnus A appear to be too broad in the GSM. Hence, we ten@N€ can identify the actual shape of the first side lobes.
to rely on the widely spread incident power originating from FOr the MAARSY433 array the halo appears to be round,
the Milky Way and the diffuse background radiation than the While for MAARSY343 the halo has a hexagon shape,
accurate measurement of the distinct radio sources for bott/hich is in agreement to the simulated radiation pattern.
our measurements and the surveys implicated in the GSmIhe discontinuity of the halo, south-east of Cassiopeia A
For the parts of the sky representing lower temperature€nd north-west of Cygnus A, appears due to the depart from
we see the largest discrepancy between the GSM map arige distinct radio source and the Milky Way. It has to be
our observation. This is, to a certain degree, related to thdaken into account that the polarisation of the distinct cosmic
ideal pattern used to generate the GSM maps. Howevef@dio sources Cassiopeia A, Cygnus A, the Milky way
we typically see an offset of 1-1.5dB in both comparisons.and the diffuse background radiation differ. This introduces
Additionally, the maximum intensity of Cassiopeia A seems Variations in the detected noise power, when observing them
to be shifted in the GSM map by approximately. The with a fixed linear polarized antenna array (see B8aars
dynamic of incident cosmic radio emissions within the €tal, 1964 Boland et al. 1966 Mayer and Hollinger1968
actual experiments using MAARSY433 and MAARSY343 Downs and Thomsqri972.
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Fig. 5. Incident backscatter power received during the moon
experiment depicted over range and time.
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will introduce new attempts to validate the radiation pattemjg g incident backscatter from the GRACE-satellite experiment
of MAARSY including also the transmit pattern. For this for three of five beam positions depicted over range and time. The
purpose we arranged experiments where we used satellitaseam positions used in this experiment are shown in the lower right
and the Earth’s moon as backscatter targets. panel, depicted in spherical coordinates.
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4 Two-way active experiments

460

s

/

4.1 Moon experiment

(see, Tromsg Geophysical Observatai3012. Considering

The limitation of the earlier presented experiments is thatthe beforehand limitations we could also estimate the beam
they only provide information about the receiving system. pointing error within this experiment to be in the order of
To gain information about the transmitting part of the |ess than 2 in azimuth and zenith. These findings are in
radar we prepared an experiment where we actively usedgreement to the experiments observing the radio source
the radar tracking the moon. During this experiment weTayrus A, which is connected to the Crab nebula and
used the full antenna array to transmit a 50 ps long puls&yas successfully detected at about the same zenith angle
equivalent to 7.2km range, while for reception we used(Rrenkwitz et al. 2012. Due to these passive and active
MAARSY343. Slmllarly to the beforehand described cosmic experiments conducted at these h|gh off-zenith ang|eS, we
noise experiments we performed a scan in zenithal directioyssyme similar behavior of the radiation pattern for both
while pointing southwards to see the passage of the MOOMNeception and transmission.
Since the moon is generally not reaching an elevation of
more than 41, due to its low declination, within the next 4.2 Satellite experiments
years at the polar position of MAARSY, grating lobes are
generated while pointing the radar beam at such zenith angléelo gather information about MAARSYs beam pointing, the
However these grating lobes generated at algott335° earlier described moon experiment was performed with the
and6 = 70° will likely not inflict with other targets, besides knowledge of the generation of grating lobes while pointing
picking up additional noise for the receiver. Potential targetsup to 50 off-vertical. To obtain further information about
like satellites may be rejected due to their apparent approacthe beam forming and positioning without the generation
speed. of grating lobes targets have to be chosen which are within

A backscatter signal of the moon was found at thethe normal beam pointing cone of MAARSY with less than
predicted time and zenith angle as shown in Fy. 30° zenith angle.Chau et al.(2013 described a method
Confirmation was given by analyzing the slope of this to analyze meteor head-echoes to gain information about
echo, what resulted in an approach speed of approximatelthe main and the first side lobe of MAARSYSs radiation
205kmhl, while the simulation of the moon’s speed pattern contributing to the estimation of the radiation pattern.
showed 202kmh!. The echo depicted in the figure 5 is Another way to verify the beam pointing capability of a radar
characterized by high variations in power which may beis the use of satellites. We have chosen the GRACE and
related to fast Faraday rotation and absorption effects as thENVISAT satellites as these have high inclination orbits and
radar signal travels along a considerable long path throughepresent a significantly large target due to their dimensions
the mesosphere and ionosphere, pointingy @8zenith. At of 3.1x1.9m and 26< 10m respectively. In Fig6 are
the time of this experiment the geomagnetic indices showedlepicted the height-time-intensity plots for one passage of
disturbances and the surrounding magnetometer indicatethe two GRACE satellites almost over head of MAARSY. In
variations of +200nT of the magnetic field components total, five beam directions with five to 2Zenith angle were
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lobes from explicitly large targets, which complicates the
assignment. With these two satellite experiments we were
able to verify our beam pointing on 18 individual positions
for up to 30 zenith angle. This is especially valuable as due
to the polar position of MAARSY the observation of galactic
radio emissions is generally restricted to southern directions.
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5 Summary and conclusions

The simulated radiation pattern of the MAARSY antenna
was evaluated by using observations of cosmic radio
emissions and its comparison to a Global Sky temperature
Map consisting of the most recent and accurate radio
astronomy surveys. Using different amounts of array
elements we were able to verify the impacts of the
apparent radiation pattern to the detection of cosmic radio
Fig. 7.Incident backscatter from the ENVISAT-satellite experiment emissions for a declination scan range of.3By the use
for three of 15 beam pOSitiOﬂS depicted over range and time. ThQ)f the entire antenna array an increase of the dyna_mic of
beam posit.ions gsed in t.his experiment are shown in the lower righhearly 1dB incident cosmic radio emissions was observed.
panel, depicted in spherical coordinates. The maximum deviations between the observation and the
temperature maps are in the order of up to 1.5dB and are
likely mainly caused by the imperfection of the presupposed

used and sampled for the range of 445 km to 500 km, where . .
Simulated radiation pattern.

the satellites were finally easily detected. Due to the chosen " . . .
Additionally to these passive receive-only experiments

pulse length of approximately 7 km strong backscatter Was ctive two-way experiments using backscatter from the

received. The time of passage throug_h the individual radar oon and satellites were conducted corroborating the
b_eams_and the detgcted range are in good e_lgreement thlndings of the passive experiments. We successfully detected
simulations of the trajectory. Subsequently, we aimed for theb
detection of ENVISAT, which is one of the largest targets
passing MAARSYs coverage. In this experiment we used
15 radar beam positions, where 13 were pointing directly to

the trajectory of ENVISAT and two beams are displaced by

4°. Doing so, we might get an information about the side . . )
lobe attenuation. In FigZ are depicted three examples of the order_ 0 gain more mform.atlon at_)out the beam.s.hape a_nd
: i the direction and attenuation of side lobes. Additionally, it

passage of ENVISAT through MAARSYs radar beam. Alike . : e

. . . . is planned to use an airborne electromagnetic field probe
the experiment tracking the GRACE satellites, we received ", © . o

. - which shall be used to directly sample the radiation pattern
backscatter from ENVISAT in all 13 beam positions that
i . . of MAARSY.

were on the trajectory. However, we couldn’t find any signal
in the radar beams marked with no. 7 and 9, where both
are seperated by°4in zenith angle from beam no. 8. AS  acknowledgementsiVe like to express our gratitude to the Andgya
we detected the satellites signal in position 8 with a SNR 0frocket Range for their permanent support while building and
10dB, we may state the apparent side lobe attenuation wagperating the MAARSY radar. Furthermore, we highly appreciate
greater than 20dB. Unfortunately we don’t know whether the work of de Oliveira-Costa et al(2008, which revealed to
the radar beam direction was exactly matching the currenbe a very valuable tool to perform passive radar calibrations.
satellite position, since ENVISAT is out of control since The radar development was supported by grant 01 LP 0802A of
the 8th of April 2012 (se&uropean Space Agencg012. Bundesmisteriumifr Bildung und Forschung.
However it appeared to be still on the predicted orbit, which
is also proven by our observation performed four days after
the loss of communication with the satellite. The variation
of backscatter seen in our data may be a subject to the
unpredictable orientation of the spacecraft. Furthermore we
have found plenty of other backscatter signals that are related
to other spacecrafts, but which could not be found in a
quick research on publicly available catalogues. However,
some of these signals also may have been received via side

range /km - ¢=202.5°/ 6=30.4°

32:09 33:36 35:02
25/04/12 - UTC 10:MM:SS

ackscatter from satellites, verifying 18 different radar beam
direction, and were additionally able to derive the moons
approach speed with an apparent error of approximately
3kmh 1,

Future activities will be directed to active experiments in
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