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Abstract

The project of a modern interferometric array similar to
the Low Frequency Array (LOFAR) Prototype Station
(LOPES), to cover the LOFAR frequency range under
100 MHz is being developed at the Southern Space
Observatory (SSO, 29.4 © S, 59.4° W), Sdo Martinho
da Serra, RS, Brazil. Therefore, it is necessary to
study different kinds of antennas that cover the large
proportions of the interferometer necessity. The
large number of antennas required for a LOFAR
like interferometer suggests that the antenna design
must have: a low development cost, avoid complex
mechanical structures, robust mechanical facilities,
and a large useful bandwidth dominated by the
Galactic radio noise, in order to maintain a low station
cost. This work presents a study of four kinds of
antennas designs (NLTA, Inverted-V dipole, Fork
and Half-wavelength dipole), the results of antennas
simulations comparisons using the NEC-2 software
and finally for each antenna a cost-benefit analysis.

Introduction

The Low Frequency Array (LOFAR) is the next generation
radio telescope which uses the phased antenna array
concept to form an aperture synthesis telescope which
receives signals of radio in the frequency range from 10
to 250 MHz, with about 10,240 dipoles polarized (Tan
et al, 2000; Astron, 2011). The project has as main
research lines: extragalactic research, transient sources,
high-energy cosmic rays, space weather and solar science,
space magnetism, among other (Lofar, 2011).

To verify if the cosmic ray emissions are detectable
and useable in an observational site region, the LOFAR
Prototype Station (LOPES) was built, which is, basically, a
dipole antennas array, developed for testing some LOFAR
concept aspects (Rosa et al, 2010a).

An interferometer using a similar LOPES’s methodology is
in developmentin the Southern Space Observatory (SSO),

as shown Figure 1. According to (Ellingson, 2005),
the antennas must have a development low cost,
a mechanically simple and resistant structure and a large
bandwidth dominated by the Galactic radio noise. Also
(Ellingson, 2005) shows that even simple dipoles can
deliver a high useable bandwidth for frequencies under
100 MHz, when the telescope sensitivity is limited by the
Galactic radio noise.

This work has studied four kinds of antennas designs:
1) the Naval Research LOFAR Test Array (NLTA),
proposed by (Ellingson, 2005; Stewart et al, 2004),
2) Inverted-V dipole proposed by (Capellen et al, 2007)
and using the optimizations proposed by (Rosa, 2010b),
3) Fork Antenna using the optimizations proposed by
(Rosa, 2010b) and 4) a single Half-wavelength dipole for
the 50 MHz frequency.

Figure 1: Inverted-V dipoles used in the interferometer
installed in the Southern Space Observatory (SSO).

Method

The method used was divided into the following sub-
sections: simulation parameters, active antenna, Galactic
radio noise model, useful bandwidth, NLTA antenna,
Inverted-V dipole, Fork antenna and Half-wavelength
dipole.

Simulation Parameters

The simulations were performed using the NEC-2
software, considering a realistic lossy ground scenario with
conductivity of ¢ = 5 mS/m and relative permittivity of
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& = 13, environmental temperature of 290 K, preamplifier
noise temperature of 360 K. The assumed impedance
value in the preamplifier input was 100 Q. The transmission
line considered was 100 m coaxial cable RG-58 with gain
associated with the transmission ranging from -4.8 dB to
-15.6 dB between the frequencies of 10 MHz to 100 MHz.
It was used the instrumental noise analysis procedure
of (Ellingson, 2005; Rosa, 2010c), neglecting the
antennas polarization and it was used a superestimated
approximation of the Galactic radio noise temperature
model proposed by (Cane, 1979).

Active Antenna

The active antennas were initially conceived as receiving
antennas for frequencies below 30 MHz, where the
external noise exceeds the instrumentation noise (Tan et al,
2000).These antennas are based on the fact that reducing
the radiator length of a tuned antenna does not affect
the signal to noise ratio at the antenna output, since the
external radio noise level is even stronger than the internal
(Tan et al, 2000).

An active antenna for a radio telescope operating at low
frequencies can be generically modeled using three basic
parameters: 1) the antenna radiator, 2) the active balun
(balance to unbalanced transformer), that is a preamplifier
located near the antenna radiator, and 3) the transmission
line connecting the balun to the receiver input (Rosa,
2010c).

The block diagram of Figure 2 shows a simplified active
antenna configuration used in the interferometer installed
at the SSO.

Amplifiers Transmission line

Left arm 9—>— I
; Balun
Right arm 9_{>_

i

Figure 2: Basic diagram of the antenna used in the SSO.

Galactic Radio Noise Model

The Galactic radio noise power is described in terms of
intensity |, integrated over the antenna pattern. The power
spectral density at the antenna terminals is calculated by

S~ %/IVAedQ W Hz Y] @

Where A¢ is the antenna effective aperture, the integration
is over a solid angle Q and the factor 1/2 is, because
any single polarization captures about half of the available
power, considering the Galactic radio noise unpolarized
(Ellingson, 2005).

The Galactic radio noise intensity can be modeled as being
uniform in the space and filling the antenna beam. It is
necessary that the antennas used in this application have
a large beamwidth, Ac is almost constant in over the sky
(Ellingson, 2005). Thus, we can simplify (1) to

S~ %IVAeQ W HZ Y @)

Assuming that the antenna gain is very small, at and below
the horizon. Where Q is a beam solid angle.

The antenna gain is given by

G=¢gD 3)

Where D is the directivity and & is the antenna efficiency.
In this analysis, mechanisms which make e < 1 include
loss due to the finite conductivity of the materials used to
make the antenna, and the imperfect ground (Ellingson,
2005). Using

A2 41T
(2) can be simplified to
1 ¢
S~ éerle (%)

Where c is the speed of the light and v is the
frequency. The intensity |, can be expressed as equivalent
temperature using the Rayleigh-Jeans law

ly = S5-KTgy )

Where k is the Boltzmann constant (1.38 x 10-2% J/K) and
Tsy is the antenna equivalent temperature corresponding
the Galactic radio noise. Then (5) can be described by

S~ erkTay (7)
and
1 c2
T§<y = j('\/ V2 (8

An approximation for I v can be obtained from (Cane, 1979)

Y

T(v)

Where lg=2.48x 10", log=1.06 x 10720, 7(v) =5.0v—21,
and v, in this case, is frequency in MHz. |g and lg are the
coefficients obtained by Cane (Cane, 1979).

ly = Igv +lggy 080 T(V) 9)

In (9), the first term applies to the galaxy contribution and
the second term applies to extragalactic radio noise, which
is considered spatially uniform.

This model can be simplified, according to (Ellingson,
2005), for frequencies above 10 MHz

ly & lgy~ 092 4 v~ 080 (10)

The Cane model for high frequencies is used in this work,
underestimating the antennas performance. The Figure
3 shows that the Tgy is ranging from 300 000 K to
800 K between the frequencies of 10 MHz and 100MHz,
respectively.
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Figure 3: Apparent Brightness temperature received for a
low gain antenna.

Useful Bandwidth

The main requirement for an active antenna is send a
signal to the receiver, where the Galactic noise is dominant
(Ellingson, 2005), hence it is necessary knowledge of
the noise temperature system contributions. The Galactic
noise temperature contribution is given by

S= &KTgy(1— [ *)GpreGt 11)

Where S is the spectral Power density due to Tgky in
the feed-line output, [1— |I'|%] is the fraction of power
transferred from antenna radiator to the preamplifier, Gyre,
is the preamplifier gain (in his work is used 32.5 dB for an
average value of preamplifier gain), G¢ is the coaxial cable
loss and T is the voltage reflection coefficient. I' at antenna
output looking into the preamplifier is given by

_ Zye—Za

r=2=Pe =
Zpre+Za

(12)

According to (Ellingson, 2005), the ground radio noise can
be neglected because it behaves more like a spotlight than
as a body.

The man-made radio noise is the background radio
frequency noise aggregate resulting from human
activity, which is known to exhibit noise-like spectra.
This radio noise is characterized in (International
Telecommunications Union ITU-R Recommendation
P.372-8, 2003) and applies a multiplication factor to the
Galactic background radio noise. This radio noise is
neglected in this work.

The instrumental noise can be divided into noise
temperature contribution of the preamplifier and the
transmission line Np and N¢). They are defined by

Npre = kTprerrer (13)

and

Nt = KTohys(1—Gg) (14)
Where Tpre is the preamplifier noise temperature and Tpnys
is the transmission line noise temperature.

Then, the galactic radio noise and instrumental noise radio
ratio y is given by

v S
~ Np+Ns

(15)

NLTA Antenna

The Naval Research Laboratory LOFAR test array (NLTA)
antenna, used, has as main advantages the fact that the
dipole arms are wide with high mechanical resistance
and low impedance compared to other antennas studied.
However, it has copper volume of 11934 cm3, and a
mechanically complex structure. The simulated NLTA
antenna followed the scale proposed by (Ellingson, 2005;
Stewart et al, 2004), using a radiator with a radius of
16 mm.
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Figure 4: Simulated impedance characteristics for the
NLTA antenna.

Inverted-V Dipole

The inverted-V dipole, used, has as main advantages, a
mechanically simple structure and a low copper volume,
17.27 cm?3, but it presents high impedance outside the
resonant frequency and low mechanical resistance. The
simulated inverted-V dipole uses one arm of the dipole
width of 2.75 m, a height of 2.4 m, an angle between the
arms of 90 degrees, using the optimizations proposed by
(Rosa, 2010b) and a radius of 1 mm.
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Figure 5: Simulated impedance characteristics for the
Inverted-V dipole.
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Fork antenna

The Fork antenna, used, has as main advantages,
a mechanically simple structure, low copper volume,
47.1 cm?3, and low impedance compared to other studied
antennas but it presents low mechanical resistance. The
simulated Fork antenna uses one arm of the dipole width
of 2.5 m, a height of 2 m, using the optimizations proposed
by (Rosa, 2010b) and a radius of 1 mm.
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Figure 6: Simulated impedance characteristics for the Fork
antenna.

Half-wavelength Dipole

The Half-wavelength dipole, with a resonant frequency of
50 MHz, used, has as main advantages, a mechanically
simple structure and low copper volume, 9.1 cm?,
however, it presents high impedance outside the resonant
frequency and low mechanical resistance. The simulated
Half-wavelength dipole uses one arm of the dipole width of
1.45 m, a height of 2 m and a radius of 1 mm.
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Figure 7: Simulated impedance characteristics for the
Half-wavelength dipole.

Results

From the equations described in the previous section one
can evaluate, in Figure 8, the frequency bandwidth in which
the Galactic radio noise dominates the instrumentation
radio noise (Np and N¢) of active antennas.

The previous results are summarized in Figure 9, which
shows the intensity of y as a function of frequency for the
voltage standing wave ratio (VSWR) simulated with the
NEC-2 software, shown in Figure 10.

The Table 1 was constructed from the data presented at
Figures 8 and 9.
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Figure 8: Power density at the receiver input to the
antennas NLTA (dark blue), inverted-V dipole (light
green), Fork (pink), Half-wavelength dipole (light blue) and
instrumental radio noise (red).
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Figure 9: Comparison of y = 1 (red) with y calculated
using the simulated VSWR for the antennas NLTA (dark
blue), inverted-V dipole (light green), Fork (pink) and Half-
wavelength dipole (light blue).
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Figure 10: Standing wave ratio at the feed of the antennas
NLTA (dark blue), inverted-V (light green), Fork (pink)
and Half-wavelength dipole (light blue) to a normalized
impedance of 100Q.
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Table 1: Relation between the antenna design and useful
frequency bandwidth.

v(y>1

Antenna design € [10,100]) MHz Av MHz
NLTA 10- 100 90
Inverted-V 10 - 88.44 78.44
dipole
Fork 10 - 89.36 79.36
Hall-wavelengh |~ 59.12 - 74.43 45.31
ipole

Due to possible oscillations S or in (Np and Ng) it is
necessary that the antenna have a high useful bandwidth
values stability, which is shown by Figure 11 considering
oscillations of 6 and 10 dB. The Table 2 shows data from
Figure 11.
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Figure 11: Comparison of y = 4 (red) and y = 10 (orange)
with y calculated using the VSWR simulated in software
NEC-2 for the antennas NLTA (dark blue), inverted-V dipole
(light green), Fork (pink) and Half-wavelength dipole (light
blue).

Table 2: Value of the bandwidth useful for variations of 6
and 10dBiny.

: v(y>4 v (y>10
Antenna design | _ [10,100]) MHz | € [10,100]) MHz
NLTA 62.33 37.18

Inverted-V 21.19 12.42
dipole

Fork 66.17 26.13

Half-wavelength 21.91 8.91
dipole

The Table 3 was constructed adopting the copper density
as 8.92 g/cm3 and copper price of 9.564 US$/Kg, in the
European market (Estadao, 2011). Table 4 lists the cost
and useful bandwidth for each antennas design, ignoring
oscillations.

Table 3: Value of the copper mass for each antenna design
for its price in the European market.

Antenna design Mass kg Price US$
NLTA 106.45 1018.08
Inverted-V 0.154 1.47
dipole
Fork 0.420 4.02
HaIf-w_aveIength 0.081 0.77
dipole

Table 4: Relationship of bandwidth useful for the European
market price for each antenna design.

. Av(y>1 :
Antenna design € [10,100]) MHz Price US$
NLTA 90 1018.08
Inverted-V 78.44 1.47
dipole
Fork 79.36 4.02
HaIf-ngeIength 45 31 0.77
dipole
Conclusions

Analyses were performed for four possible antennas
implementation, for a modern low frequency interferometric
array. The antennas must present high frequency
bandwidth dominated by Galactic radio noise, high useful
bandwidth values stability, low cost and has a mechanically
simple and resistant structure.  Among the studied
antennas The NLTA showed higher usable bandwidth,
lower impedance and greater stability, but its price is
approximately two hundred and fifty times more expensive
than the other antennas, making their use impractical.
The inverted-V dipole showed a low production cost and
easy installation and a wide bandwidth dominated by the
Galactic radio noise, but had low stability, which precludes
their installation. The Fork antenna presents the best
result among the four antennas designs analyzed, due to
its low cost, high bandwidth dominated by Galactic radio
noise and high stability. The Half-wavelength dipole was
found to be an interesting alternative due to the lowest
cost between the studied antennas designs, about five
times less than the price of the antenna Fork, and a
stability similar to the inverted-V dipole, even having a small
bandwidth dominated by Galactic radio noise.
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