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Abstract—An interferometric array similar to the low fre- to test same aspects of the LOFAR concept. Considering

quency array (LOFAR) prototype station (LOPES) and to the | OPES, radio emission from cosmic ray air showers at 43

eight-meter-wavelength transient array (ETA) is being deeloped _ ; : :
to cover the LOFAR frequency range under 100 MHz at the 73 MHz on a regular basis with unsurpassed spatial and

Southern Space Observatory (SSO) (2994S, 53.8 W, 480 m. a. s. tempor_al resolutlon_ can be detected_ [A_']' .

1.), in SAo Martinho da Serra, RS, South of Brazil. In accordance ETA is a new radio telescope consisting of 12 dual polarized
with previous observational spectrum results, the SSO sitevas 38 MHz resonant dipole elements [5]. ETA has an array of
C'?]ﬁs'f'ed faS being SUt')tab|ed to f‘icelvﬁ Segsmve and Soﬂiﬂs}lted inverted V-shaped design combined with a simple activerbalu
radio interferometers, based on the phased array conceptjmilar _

to those employed at the European LOFAR stations. This paper that cover the range of 27 — 49 MHz [5].

describes the technical details of developing and impleméng The proposed inter_ferpmeter is si.milar to LOPES a,”‘?'_ETA
of a radio astronomy low cost elementary interferometer forthe Methodology. The ubiquitous galactic synchrotron emissso
frequency range of 20 — 80 MHz. very strong and can easily be the dominant source of noise in

the observation at sub 100 MHz frequency range. Then, the
sensitivity of a telescope is limited by galactic noise.

LOFAR is a next-generation radio telescope under con-The galactic noise limited concept is also being employed
struction in the Netherlands with long-baseline stationdar in the LOFAR. As a result, [6] shows that even simple dipoles
developmentin other European countries. LOFAR is an emergn deliver an extraordinary useable bandwidth.
ing European sensor network with continental dimensions fo The paper is organized as fallows. Section Il briefly de-
space and Earth observations. The LOFAR telescope usefibes the scientific goals of the proposed interferom8tsa-
phased antenna arrays to form an aperture synthesis te&esaion 1l details the interferometer design. Concluding ezks
for receiving radio signals in the frequency band of 30 — 244te presented in Section IV.

MHz [1]-[3].

There are currently discussions with research institstion Il. SCIENTIFIC AIMS
from Germany, UK, Italy, France, Poland and Sweden, aimingThe main objective of proposed interferometer is the de-
the installation of LOFAR stations in these countries [3]-[ velopment of low cost instrumentation compatible with the
These partnerships will extend the “wide area sensor n&twol OFAR methodologies.
and the resolution and sensitivity of the LOFAR system in
Europe. The LOFAR telescope will operate in the 30 — 80 . INTERFEROMETER
MHz and 120 — 240 MHz bands (80 — 120 MHz being The low cost prototype interferometer proposed here can
dominated by FM radio broadcasting transmissions). Ash& generically divided into three components: active amen
predecessor to the square kilometer array (SKA) planned todnalog receiver and digital correlator.
constructed after 2015, it has a broad impact on the future of
Radio Astronomy and Astrophysics, which goes well beyorft ACtive Antenna
the current project [1]. The active antenna is compounded by a dipole radiator, a

To verify whether or not radio emission from cosmic rays ipair of amplifiers and a balun. The role of the dipole antenna
indeed detectable and useful in a modern cosmic ray expeési-to transfer incident electromagnetic power, includihg t
ment, [4] built the LOPES experiment. LOPES is a phasaghlactic noise and emissions from astronomical sources, to
array of dipole antennas with digital electronics devetbpaghe amplifier input. The amplifier is the circuitry connected

I. INTRODUCTION
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amplifiers.
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N
directly to the terminals of the dipole antenna. The amplifie %/\
has as purposes: 1) set the noise temperature of the system an .
2) buffer the impedance between dipole antenna and feedlin ‘9007

Antennas for low frequency radio astronomy (such as K
dipoles [6]) are typically balanced. The coaxial cable feeé
lines are unbalanced, thus, is necessary a balun to tramsfor §
balanced line, in the output of the amplifiers, to an unbaddnc
line at the coaxial cable.

The configuration of LOFAR active antennas was presente
in [3] and is shown in Fig. 1. Immediately after the dipole
arms radiator, a network impedance transformer gives the‘r 3000 mm 1
impedance necessary for the matching with the amplifiers
input. In the output of the amplifiers there are more two trans Fig- 4. A LOFAR LBA like, proposed in [11].
formers: one determines the impedance of the transmission
line and the other transformer unbalance the signal, he., t
balanced line coming from the center dipole is converted intransmission line. Fig. 2 shows a transformer with voltage
an unbalanced transmission line. transformation ratio of/2 : 1 in order to check the impedance

The concept presented by Tan and Rohner [3] is extreméRatching between the output of the amplifiers and the coaxial
didactic, and it is believed that its practical implemeistat cable input. The equivalent input impedance of the tramséor
was not performed in the LOFAR antennas. The configis 1002 — it results of the amplifiers impedance output (50
ration of the active antenna implemented in the proposé&din series with 50(2). The equivalent impedance at the
interferometer follows the precepts of the radio telescopeénsformer output is 5@; it is the same impedance of the
ETA. According to Ellingson [5], the ETA active antennsoaxial cable. The complete circuit of the active antenna is
configuration is similar to that presented by Stewart, et &#hown in Fig. 3.

[9]. In this topology, the use of separate amplifiers reducesThe power of the amplifiers is performed through a bias tee
significantly the common mode current that could occur if thgrcuit. Thus, in the coaxial cable exists a direct curréty
dipole is directly connected to the transformer [9]. signal — inserted into the receiver — and a RF signal — that is

The amplifier circuit of the prototype uses two mini-cireuit provided by the balun output. At the receiver there is a bias
MAR-8 [10] monolithic amplifiers. This device offers thetee identical in order to filter DC and RF signals.
basic necessities required for a low frequency active aisten The LOFAR low band antenna (LBA) frequency range is
according to the data sheet [10]: high gain, input and outpubm about 10 MHz (near the ionosphere cut-off frequency)
impedances of 5072, and low noise figure. The feedlineto 80 MHz [11]. To operate successfully in this frequency
uses a radio frequency (RF) coaxial cable RG-58 (§0A range an inverted V dipole antenna is used with a ground plane
RF transformer determines the impedance matching betweefiector, as shown in Fig. 4. According to van Cappellen, et
the amplifiers output and the feedline. One of transformal. specifications [11], the dimensions of the antenna of Fig
coil terminals, on the side of a feedline, is a grounded addshow a LOFAR LBA, with resonance frequency around 52
unbalanced transmission line, as shown in Fig. 2. MHz. The complete active antenna circuit is located at tipe to

The impedance matching and balun block (Fig. 2) is ef the PVC mast (Fig. 4) which is directly connected to the
circuit that transforms the impedance and unbalance ttipole wire arms.

PVC mast

@
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Ground plane
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where A, is the antenna effective aperture, the integration is
over solid angle, and the factor @f2 is due to the fact that
any single polarization captures about half of the ava@labl
power since galactic noise is unpolarized [6].

The galactic noise intensity can be modeled as being
spatially uniform and filling the beam of the antenna. A
requirement for the low frequency radio astronomy antennas
300 is that they have very broad beamwidth [6], such that is ap-

Frequency [MHz] proximately constant over most of the sky. Assuming antenna

gain very small at and below the horizon, (1) can simplifies
Fig. 5. NEC-2 simulated impedance for the antenna showngdn4using to
a realistic ground.
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where() is beam solid angle.
The gain of the antenna is given by

s G=eD (3)
9
2 where D is directivity ande,. is efficiency. In this analysis,
% mechanisms which make. < 1 include loss due to the finite
2 conductivity of the materials used to make the antenna, and
g the imperfect ground. Since
A2 4
A = 47TG and() = D (4)

0 ey © 0 whereA.Q = e,c”/v?, v is frequency and is the speed of
light. Therefore
2
Fig. 6. NEC-2 simulated standing wave ratio for the anterimaws in Fig. S~ le T C_
4 using a realistic ground. “ 2 "2

(5)

Equation (5) will be useful to express the power density in

. . . . terms of an equivalent temperature. This is possible usiag t
A simple inverted V-shape dipole was constructed with Iiiayleigh-Jeans law

mm copper wire. This antenna was analyzed using NEC-2 )
based method of moments (MM) and using finite element I — QLka ©6)
method (FEM) employed by HFSS software. Two ground Yooz T

sceneries were considered: 1) realistic lossy ground Bavighere 1 is Boltzmann's constant1(38 x 10-2% J/K), and
conductivity of o = 5 x 10~? S/m and relative permittivity 7., is defined to be the antenna equivalent temperature
e, = 13, and 2) perfectly-conducting ground, approximatingorresponding to galactic noise. Thus, (5) can be written
the use of wire mesh in the ground under antenna to mitigate )
the loss. S, ~ e,kTsp,, WhereTyg, = iI,,C—. )
The simulation results of impedance and standing wave 2k v?
ratio for the dipole antenna (shown in Fig. 4) using a reialist An approximation forl,, can be obtained from [12], which
ground are presented in figures 5 and 6. These results aredgantified the spectrum of the galactic noise backgrounedas
the worst case found in the simulations: NEC-2 with realiston observations of the Galaxy polar regions at four frequen-
ground. cies between 5.2 and 23.0 MHz From these measurements,
The usable bandwidth of the active antenna is one ihwas determined that the intensity is given in units of
which the galactic noise dominates the instrumentatioseoi Wm 2Hz"'sr! by
The model proposed by Cane [12] for the galactic noise 1— -7
background was employed to evaluate the usable galacge noi I =Ty %% —
limited bandwidith. ()
1) Galactic noise model: The galactic noise power canwhere I, = 2.48 x 1072, I.g = 1.06 x 1072, 7(v) =
be described in terms of the intensify integrated over the 5.00=%!, and for this casey is frequency in MHzJ, andI.,
antenna pattern. The resulting power spectral density et #dre the coefficients obtained by Cane in [12], and this result
terminals of an antenna is given by has been successfully used to calibrate telescopic olissrsa

+ IegV_O'Soe_T(V) (8)



=

O‘
L
°

—CANE the antenna temperature of the extremes frequency of sttere

- - ~CANE - High frequency approximation at 20 MHz worth around 50000 K and 80 MHz worth about
1500 K.

IR According to the results proposed in Fig. 8, the noise
temperature of the whole active antenna cannot exceed 1500

> K at 80 MHz.
2) Galactic noise limited bandwidth: The main requirement

of the active antenna system is that it provides a signaldo th
receiver where the dominant noise is the unavoidable galact
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noise.
The determination of the degree which the receiver input is
10 21100 o e limited by the galactic noise requires knowledge of the @ois
Frequency [MHz] temperature system contributions.

The active antenna system was modeled considering the
galactic noise and the instrumental noise. The instrunhenta
noise is formed by the noise temperature contribution of pre
10° ‘ } amplifier and the transmission line.

According to [6], the ground noise can be neglected, since
‘ ' in practice, the soil tends to behave more as a spotlight than

\ - SR b ce | se radi

. ~ , The man-made noise is the background noise radio fre-
guency aggregate resulting from human activity, which is
known to exhibit noise-like spectra. This noise is chandotel
in [15] and applies a multiplication factor to the galactic
background noise. This factor varies from 5 to 30. However,
as the rating for this factor depends on the site locationtaad
spectral characteristics of observation region, the dmution
of man-made background noise will be neglected. Thus, the

Fig. 7. Galactic noise intensity. Solid blue line: Cane modmashed red
line: approximation of Cane for high frequencies.
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reauency izl The contribution of temperature due to the galactic noise

Fi . . . is the power spectral delivered to the receiver. Kebe the
ig. 8. Antenna brightness temperature received by a ldw-gatenna, as . . .
a function of frequency using the Cane high frequency galadise model. POWer spectral density of the signal associated With, at
the output of feedline. Given the Cane [12] galactic model fo
the system,S becomes
of great field vision [6]. The above expression is given intsini )
of steradian £r), i.e., measures the current on a solid angle. S = erkTory(1 = [T17)Gpre G- (10)
. In (8), the first term applies to tt_we contribution of the Qala)fwhere ( — |T'|2) represents the fraction of power available at
itself, whereas the second term is due to extragalactieeNOighe antenna which is successfully transferred to the préamp
which is assumed to be spatially uniform. fier. This fraction is nominally 1, but is often much smaller
In Fig. 7, it is possible to note that for the spectrum abo\&an, one due to impedance mismatch between the antenna and
10 MHz (8) can be simplified to amplifier.
I, ~ Ly 4 [, 080, (9) I' is the voltage reflection coefficient on the antenna termi-

) ] ) nals looking into the preamplifier and is given by
The result in (9) applies to the Galaxy poles since the noise p p
pre — “a

intensity is correlated with the distribution of mass in the = .
Galaxy, a result which represents a minimum range, while the Zpre + Za

noise in the direction of the galactic plane is somewhatelarg The preamplifier noise as measured at the input of receiver

However, as the galactic plane remains spatially unredolvgan be defined in terms of the preamplifier input-referenced
at low gain antennas, the additional contribution of nose jgise temperatur@),.. as

relatively small [6].
The Cane high frequency galactic noise model, given by Npre = kTpreGpreGiy- (12)
(9), is used throughout this paper. Thus, the performance OfFinaIIy, the noise resulting from the transmission lineslos

antennas is somewhat underestimated. Equations (8) andc@a be significant. The noise at the end of the feedline can be

are represented as a function of frequency in Fig. 7. described in terms of the physical temperatiijg, as
The value of Ty, is diagrammed in Fig. 8, using the Y

Cane approximation for high frequency. Figure 8 highlights Nt = kTphys(1 — Gy). (23)

(11)



From
=70 T —T— T T . Broadband Super-regenerative i ifi To
- - - Galactic noise (p= 1) ans"(‘)t?;‘a'—l Bias Tee Himpedance matching Receiver Audio amplifier Correlator
S — Galactic noise (p= NEC-2) ( )
—gob s - - -Feedline + Preamplifier (o= NEC-2)H

Fig. 10. Receiver topology.

The frequency range of the receiver described here is
20 — 80 MHz. The proposed receiver employs the super-
regenerative topology motivated primarily by the low cobt o
this type of receiver.

In order to overcome the major problems present in the
super-regenerative receiver architecture [13], it wappsed a
a4 8 & 7 8 w0 100 receiver topology composed by: 1) a bias tee, 2) an impedance

Frequency [MHz] matching network for 20 — 80 MHz, 3) a super-regenerative

receiver and 4) an audio amplifier stage, as shown in the block
Fig. 9. Comparison between the instrumental active antewise (dashed- diagram of Fig. 10.

strong red) and the galactic noise (solid-strong blue). Mbise due to a . . . .
system with standing wave ratio equal to 1 (perfect impedlanatching) is Bias tee block is used to feed the active antenna ampllflers

represented by the dashed line. and its design and operation details are shown in [18]-[19],
moreover, their components are equal to the bias tee located
in active antenna. It is important to mention that the emetby

The ratioy of galactic noise to instrumental noise measurdulas tee does not insert significant noise in the RF signal and

-100

-110

-120

Power density at active antenna output [db(mW/kHz)]

at receiver input is given by does not significantly alter the impedance of receiver input
Therefore, the electrical analysis of bias tee circuit can b

y= S _ (14) overlooked.
Ny + Ny The impedance matching network for 20 — 80 MHz was

designed from impedance measurements at the receiver input
Elr'gure 11 shows the initial values of the reflection coeffitie
Tinitiar (normalized to 502) measured as a function of
%requency. It can see that the characteristic of the reflecti

ial cable. Th tina t t h - %efficient, and consequently the receiver impedance input
coaxia’ cable. 1he operating temperature ¢ osenWas, . _is highly nonlinear and presents very high values, with a
240 K( 20 °C) with a gain associated with the transmlssmﬂ]aximum of 0.95 forl

line (coaxial cable RG-58) ranging from -4.8 dB t0 -15.6 dB, 1o possibility of using classical techniques of impedance
between 10 ar_ld 100 MHz reSpgct|ver. ) . matching, either with network L, Pi or T [18]-[19] was

'_I'he comparison between th_e_ Instrumentation acpve aT‘te Ecards. According to [19], Pi and T networks are extremely
noise (feed_llne and pregmphﬂer) and the galactic noise Marrow-band and L network is best suited for smaller values
shown_ln Fig. 9. According tp F'g' 9, we can C(_)nclu_de _th%tf quality factor Q, which is inversely proportional to band
the active antenna operates limited by the galactic noisieen width. [19] affirms that the cascading of multiple networks L
frequency range about 41 — 65 MHz. following several design parameters, can minimize the @fac
of a network. However, despite increasing the bandwidth,
this technique has some weaknesses: the impedance matching

The new generation of radio telescopes like the LOFARyill always be optimized to a center frequency design and
long wavelength array (LWA) and SKA is composed byhe signal will be degraded in the periphery of the central
thousands of antennas spread over stations (which are dormfrequency. Tens of cascaded L networks would be required to
by tens of antennas) that cover continental extension§{B], obtain a impedance matching for a bandwidth of 60 MHz (20
The amount of receptors is directly proportional to the nemb— 80 MHz) and the values for the network components can
of antennas. Therefore, it is evident the interest in reuyithhe be impracticable as the number of cascaded networks irereas
cost of RF receivers used in large radio telescope. very much.

The use of classic RF receivers, such as the superheterodyrieurthermore, in case of the proposed receiver, the design
receiver topology, results in high costs for large interfeof multiple cascaded L networks would be designed to the
ometers. The proposed interferometer employs two supamnpedance at center frequency (50 MHz), ignoring the large
regenerative receivers deployed for low frequency radio asriations of receiver input impedance, as shown in Fig. 11.
tronomy applications. According to [8], the super-regetiee The frequency response of the impedance matching of a
receiver has a reduced cost and a low power consumption. Bmaple L network is shown in Fig. 12, and it is evident that
receiver prototype is a hybrid model of software-definedaadthis impedance matching technique is not applicable to the
(SDR), because its output signal is at audio frequency, Ead areceiver proposed here. The impedance matching network was
due the interferometer correlation is performed by softwar designed from the input impedance measurements in the-super

The noise temperature of preamplifier used to determinati
the bandwidth galactic noise limited wd$,.. = 360 K. The
amplifiers gain used wa§,,. = +45 dB.

The transmission line considered was a 100 m RG-

B. Analog Receiver
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Fig. 12. Frequency response of the magnitude of power detivéo the
Fig. 11. Reflection coefficient measured (solid red) withthet impedance Feceiver input: 1) without the impedance matching netwatisfied red), 2)
matching network; reflection coefficient using the impedantatching net- Using the optimized impedance matching network (solidrgrblue) and 3)
work (solid-strong blue), the maximum value of the reflacticoefficient USing a single L network (solid blue).
modulus measured (dashed red) and maximum reflection desffimodulus
of the optimized network (dashed-strong blue). The refiectoefficients are Vde
normalized to 50.

Tank Circuit Regeneration
A
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regenerative receiver block. T e ———— iy To audio
T amplifier
An iterative algorithm was implemented to minimize the= 5 }—»—{}—»—{ =
module of reflection coefficient';, ;i Mmeasured at the re- S oo
ceiver input from the insertion of an LC network: a 5th =
_Order bandpass filter was chosep for the ﬁlt?r _network' T%. 13. Basic circuit receiver using the MK484. AdaptedhirK484 data
impedance response results using the optimized matchinget [16].
network are shown in Fig. 11. The broadband impedance
matching network circuit is shown in Fig. 14, along with the
full proposed receiver circuit. operational amplifier. The Cl was fed asymmetrically (toilim
From the results shown in Fig. 12, it can be observdbie amplifier output voltage to values compatible with the
the occurrence of a distortion of the frequency response BBXimum permissible limits of the computer sound card used
the Chebyshev filter which served as the initial value fdp correlation data acquisition step). The complete cirésii
the network elements. The inductor L5, see Figure 14, waBown in detail in Fig. 14.
unnecessary: after network optimization the inductor @alu
became nearly zero. The impedance matching componegtsPigital Correlator
values are shown in detail in Fig. 14. The main digital correlator topologies employed in Radio
Through the network impedance matching was possible Agtronomy are: XF and FX [11]. Overall, the XF and FX
limit the attenuation of the initial super-regenerativeei®er correlators are very similar. The main difference is that th
that had an attenuation exceeding 10 dB with ripple of 3.5 d&rrelation (symbolized by X) in the topology XF is perforthe
for a frequency response with maximum attenuation of 4.5 digfore the Fourier transform (denoted I§). In the FX
and ripple of 0.5 dB, as shown in Fig. 12. topology, the order of operations is reversed: first the aign
The super-regenerative receiver considered in the bloake carried to the frequency domain, and subsequentlyedarri
diagram in Fig. 10 follows the operation line of the circuibut the correlation.
integrated (Cl) MK484 (see Figure 13), a high sensitivity According to [3], the topology used in LOFAR correlator
amplitude modulation (AM) receiver [16]. However, accogli is the FX. The proposed digital correlator is still in tegtin
to MK484 data sheet [16], this Cl has an input operatinQuring this step, a PC sound board was used as A/D con-
frequency between 150 kHz — 3 MHz Thus, as in the absengsrter. The receiver outputs were connected to a sound board
of a low-cost Cl that operates in the frequency range of @ster computer, running acquisition software to storage the.data
(20 — 80 MHz), a receiver was developed with transistor logic The software saves the amplitudes of each channel of the
using the same MK484 concept. The transistors used in #hetrance of the PC sound card along with the acquisition
receiver shown in Fig. 14 are general purpose BC548 NRe. These data are written to a text file, and later of
transistor, which has a typical operating frequency of up Hquisition, through a mathematician software data psicgs
150 MHz [17]. such as MatLab or GnuOctave is performed the correlation.
The last step of the basic topology of the receiver is thehe response of this step is proportional to the visibility
audio amplifier. This step was performed with an OPA277P#inction of a monitored source.
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The proposed system can operate satisfactorily in the rarig8 T. R. Cuthbert, Jr.Broadband Direct-Coupled and Matching RF Net-

of 41 — 65 MHz. Preliminary tests indicate that the frequency
range limited by the galactic noise can be expanded with
improvements in the dipole radiator, mainly changing theewi
length and the diameter. Another important point was the de-
sign of an extremely low cost RF receiver for the LOFAR LBA
range. The correlation step was satisfactory for the ctirren
configuration: two antennas. However, for a greater number
of antennas, the proposed correlator (hardware and s@&}war
needs revisions. A more complete paper is being prepared to
covering details of the active antenna improvements, ssch a
the inverted V-shape dipole radiator and the evaluatiortiuéo
kinds of inexpensive antennas. The receiver and the ctorela
are also are reviewed.
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