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Inexpensive Interferometer for Low Frequency
Radio Astronomy

Guilherme S. Rosa, Nelson J. Schuch, Natanael R. Gomess ,RloBérgmann, Ezequiel Echer, and
Renato Machado

Abstract—An interferometric array similar to the low fre-
quency array (LOFAR) prototype station (LOPES) and to the
eight-meter-wavelength transient array (ETA) is being deeloped
to cover the LOFAR frequency range under 100 MHz at the
Southern Space Observatory (SSO) (29°4S, 53.8 W, 480 m.
a. s. 1), in S0 Martinho da Serra, RS, Brazil. In accordance
with previous observational spectrum results, the SSO sitevas
classified as being suitable to receive sensitive and sopticated
radio interferometers, based on the phased array conceptjmilar
to those employed at the European LOFAR stations. This paper
describes the technical details of development and impleméa-
tion of a low cost elementary radio astronomy interferomete for
the frequency range of 20-80 MHz.

Index Terms—Radio astronomy, antenna arrays, interferome-
ters, circuit noise.

I. INTRODUCTION

L

and Astrophysics, which goes well beyond the current ptojec
[1].

To verify whether or not radio emission from cosmic rays
is indeed detectable and useful in a modern cosmic ray
experiment, Falckest al. [3] built the LOPES experiment.
LOPES is a phased array of dipole antennas with digital
electronics developed to test same aspects of the LOFAR
concept. Considering LOPES, radio emission from cosmic ray
air showers at 43—73 MHz on a regular basis with unsurpassed
spatial and temporal resolution can be detected [3].

ETA is a new radio telescope consisting of 12 dual polarized
38 MHz resonant dipole elements [4]. ETA has an array
of inverted V-shaped design combined with a simple active
balun that cover the range of 27-49 MHz [4]. The radio
interferometers LOFAR and ETA have used an array of active
antennas to achieve the Galactic noise limited operation.

OFAR is a next-generation radio telescope under con-The proposed interferometer is similar to LOPES and ETA
struction in the Netherlands with long-baseline statiorf§ethodology. The interferometer proposed in this papes use

under development in other European countries. LOFAR is &fnPle dipole in conjunction with a preamplifier to operate i
emerging European sensor network with continental dimefite frequency range of ETA, detecting the galactic noisewt |
sions for space and Earth observations. The LOFAR telescdfauencies. The ubiquitous galactic synchrotron emssso
uses phased antenna arrays to form an aperture synth¥§[y Strong and can easily be the dominant source of noise in
telescope for receiving radio signals in the frequency baffef observation at sub 100 MHz frequency range. Then, the

of 30-240 MHz [1], [2].

sensitivity of a telescope is limited by galactic noise.

There are currently discussions with research institstion '€ main objective of the proposed interferometer is the

from Germany, UK, ltaly, France, Poland and Sweden, aimi

velopment of a low cost instrumentation compatible with t

the installation of LOFAR stations in these countries [2],[ JOFAR methodologies. The rest of this paper is organized as

These partnerships will extend the “wide area sensor nétwoi©llows. Section Il details the interferometer design. tierl||
and the resolution and sensitivity of the LOFAR system ifliScusses the improvements of the interferometer. Commgud

Europe. The LOFAR telescope will operate in the 30—80 MHEMarks are presented in Section IV.

and 120-240 MHz bands (80-120 MHz being dominated by
FM radio broadcasting transmissions). As a predecessbeto t

Il. INTERFEROMETER

square kilometer array (SKA) planned to be constructed afte The low cost prototype interferometer proposed here can
2015, it has a broad impact on the future of Radio Astronon®¢ generically divided into three components: active arden

G. S. Rosa and N. J. Schuch are with the Southern Regionake Spac
search Center (INPE-MCT) in collaboration with the SantaiM&pace Sci-
ence Laboratory (LACESM/CT/UFSM), Santa Maria, RS 97108;%Brazil.
E-mail: guilhermeSimonDaRosa@gmail.com and njschuché@la.ufsm.br,

analog receiver and digital correlator. This paper doegisst
cuss about the digital correlator, only the first two compuse
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directly to the terminals of the dipole antenna and has as
purposes: 1) set the noise temperature of the system, and 2)
buffer the impedance between dipole antenna and feedline.
Since the employed dipole antenna is balanced [5] and the
coaxial cable feedlines are unbalanced, a balun is negessar
to transform a balanced line, at the output of the amplifiers,
to an unbalanced line at the coaxial cable.

The proposed interferometer employs two super-
regenerative receivers deployed for low frequency radio
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I signal — that is provided by the balun output. At the receiver
there is a bias tee identical in order to filter DC and RF siginal

The LOFAR low band antenna (LBA) frequency range is
from about 10 MHz (near the ionosphere cut-off frequency) to
80 MHz [9]. To operate successfully in this frequency range
an inverted V dipole antenna is used with a ground plane
astronomy applications. According to [6], the Supe,r_eflector, as shown in Fig. 3, and resonance frequency around
regenerative receiver has a reduced cost and a low powds> MHz [9].
consumption. The receiver prototype is a hybrid model of For the proposed interferometer, a simple inverted V-shape
software-defined radio (SDR), because its output signat isdipole was constructed with 1 mm copper wire. This antenna
audio frequency, and also due the interferometer coroglativas analyzed using NEC-2 based method of moments (MM)
is performed by software. and using finite element method (FEM) employed by HFSS

Next, we present in more details the components of tiseftware. The ground scenario considered was realistgylos
implemented prototype. ground having conductivity of =5 x 10~3 S/m and relative

permittivity ¢, = 13.
_ The simulation results of impedance and standing wave

A. Active Antenna ratio (VSWR) for the dipole antenna using a realistic ground

The configuration of LOFAR active antennas [2] is showA'® presented in Fig. 4 and Fig. 5. The standing wave ratio
in Fig. 1. An impedance transformer network provides té normalized to the preamplifier input impedance, which is
impedance matching between the dipole and the amplifiers. ¥t 100 2, (2 MAR-8 @ 502 = 100 (). We can see that
the output of the amplifiers there are two more transformef§€ minimum VSWR (VSWR-= 2) occurs for the resonance
one determines the impedance of the transmission line df@duency €51.5 MHz). In other words, it means that at this
the other transformer unbalances the signal, coming fraem thequency the antenna impedance is 3(essentially a real
center dipole, for transmission into a coaxial cable RG-218lu€). It shows a very good agreement with results of [10],
(509). Fig. 2 shows a transformer with voltage transformatioffh0 studied this type of antenna.
ratio of v/2:1 in order to match the impedance between the 1) Galactic Noise Model: The usable bandwidth of the
output of the amplifiers and the coaxial cable input. active antenna is one in which the galactic noise dominates

The configuration of the active antenna implemented the instrumentation noise. The model proposed by Cane [11]
the proposed interferometer follows the precepts of théorador the galactic noise background was employed to evaluate
telescope ETA [4]. In this configuration, the use of separafiee usable galactic noise limited bandwidth. The galaaise
amplifiers reduces significantly the common mode currepewer can be described in terms of the intengjtyntegrated
that could occur if the dipole is directly connected to thever the antenna pattern. An approximation for can be
transformer [7]. The amplifier circuit of the prototype usegbtained from [11], which quantified the spectrum of the
two Mini-Circuits MAR-8 monolithic amplifiers that offer [8 galactic noise background based on observations of thexgala
high gain, input and output impedances off30and low noise polar regions at four frequencies between 5.2 and 23.0 MHz.
figure. The complete circuit of the active antenna is shown from these measurements, it was determined that the itytensi
Fig. 2. is given in units of W m? Hz=! sr! by

The power of the amplifiers is performed through a bias tee
circuit. Thus, in the coaxial cable exists a direct currémC)
signal — inserted into the receiver — and a radio frequen&y (R

Fig. 2. The complete active antenna circuit.

)
(V)

I, = IgU70.52 + Iegyfo.SOef‘r(u)’

(1)
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Fig. 4. NEC-2 simulated impedance for the antenna showngn Fiusing Fig. 6. Galactic noise intensity. Solid blue line: Cane mod@mshed red
a realistic ground. line: approximation of Cane for high frequencies.

a result which represents a minimum range, while the noise in
the direction of the galactic plane is somewhat larger. Hare

as the galactic plane remains spatially unresolved at law ga
antennas, the additional contribution of noise is rel&figenall

[5].

2) Active Antenna Bandwidth Evaluation: The main re-
quirement of the active antenna system is that it provides
a signal to the receiver where the dominant noise is the
unavoidable galactic noise.

The determination of the degree to which the receiver input
is limited by the galactic noise requires knowledge of the

‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ noise temperature system contributions. From Friis foemul
02N e D for cascaded of two-ports, considering the situation oivact
antenna shown in Fig. 1 followed by a receiver, the system

Fig. 5. NEC-2 simulated standing wave ratio for the anterava in Fig. 3 NOiS€ temperature is given by
using a realistic ground.

Standing wave ratio [@ 100 Q]
[
o

-
T

[
o

T
Tsys = Lsky + Ta + G_aa (3)
where I, = 2.48 x 1072, I, = 1.06 x 1072, 7(v) = where thel’sy, is defined to be the antenna equivalent temper-

5.00~21, and for this casey is frequency in MHzJ, andl., ature corresponding galactic noise, fhigis the active antenna

are the coefficients obtained by Cane in [11], and this resti®ise temperaturefy, is the gain of active antenna and the

has been successfully used to calibrate telescopic oligmrsa receiver noise temperature 7$.

of great field vision [5]. The above expression is given intsini The value of T, is diagrammed in Fig. 7, using the

of steradian (sr), i.e., measures of the current on a sotitean Cane approximation for high frequency. Fig. 7 highlights th
In (1), the first term applies to the contribution of the gglaxantenna temperature of the extremes frequency of intekest.

itself, whereas the second term is due to extragalacticenoig0 MHz the antenna temperature is about 50000 K and at

which is assumed to be spatially uniform. 80 MHz it is about 1500 K. Thus, the noise temperature of
A good approximation to (1) for the spectrum abovée whole active antenna cannot exceed 1500 K at 80 MHz.
10 MHz is given by Due to the MAR-8 amplifier gain, which is about 30 dB

[8], G, is sufficiently large for allowingdl’. to be neglected.
Since, according to [5], the ground noise can be neglected,

The Cane high frequency galactic noise model, given by $2)’almd the man-made noise, which is characterized in [12] s als

used throughout this paper. Thus, the performance of aamnneglected_, the _active antenna system was modeleel comrgjlderi

is underestimatéd Equations (1) and (2) are represented asﬂaei galectlc noise and the ms_trumental noise. The insiniane

function of frequency in Fig. 6. noise is _formed by the noise temperature contribution of
The result in (2) applies to the Galaxy poles since the noigéeamphfler and the transmission line.

intensity is correlated with the mass distribution in thda@g, is E‘: :gvcg:b:;g:trg{ :jeerl?\f)eerzgutf tﬂgerégeticgrggleicélihgmse

1As we can see from Fig. 6, Equation (2) overestimates theermighe POWeEr spectral density Qf the signal aSSOCiat.ed with, at
lower frequencies. the output of feedline. Given the Cane galactic model for the

L~ Iy %% 4 g 0% )
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system,S becomes

S = e, kTay(1 — [T1*)GpGy, 4)

-80 T T T T
Galactic Noise (p= 1)
Galactic noise (p= NEC-2)

- = = Feedline + Preamplifier noise

where G, is the preamplifier gainz; is the feedline gain,
and (L —|T'|?) represents the fraction of power available at th
antenna which is successfully transferred to the preareplifi
This fraction is nominally 1, but is often much smaller thal
one due to impedance mismatch between the antenna .
amplifier.T" is the voltage reflection coefficient on the antenn
terminals looking into the preamplifier and is given by

Ly — Zq
-150 ; S

 Zy+ Zy LT
10 20 30 40 50 60 70 80 90 100
The preamplifier noise as measured at the input of recei Frequency [MHz]

can be defined in terms of the preamplifier input-referenced . ) | (dashed
; Fig. 9. Comparison between the instrumental active antewise (dashed-
noise temperaturé,,. as strong red) and the galactic noise (solid-strong blue). fibise due to a
B system with standing wave ratio equal to 1 (perfect impedanatching) is

Np - kTprerGf' (6) represented by the dashed line.

-110
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Finally, the noise resulting from the transmission lineslos
can be significant. The noise at the end of the feedline can

e . . .
described in terms of the physical temperatlijg, . as f%r the entire paper, which is a good assumption for copper

wire antennas. According to Fig. 9, we can conclude that the
Ny = kTpnys(1 — Gy). (7) active antenna operates limited by the galactic noise in the
frequency range about 32.1-78.2 MHz, which does not meet
The ratioy of galactic noise to instrumental noise measur&fle requirement of the interferometer. Further analysihei
at receiver input is given by done about this limitation in Section 11l

- ®
Np+ Ny B. Analog Receiver
The noise temperature and the preamplifier gain was deterThe new generation of radio telescopes like the LOFAR,
mined by the measurement of the MAR-8, see the measuleng wavelength array (LWA) and SKA is composed by
ment results in Fig. 8. thousands of antennas spread over stations (which are dorme
The transmission line considered was a 100 m R@®y tens of antennas) that cover continental extension§l[3],
213 coaxial cable. The operating temperature chosen viltse amount of receptors is directly proportional to the namb
Tonys = 290 K (~20 °C) with a gain associated with theof antennas. Therefore, it is evident the interest in reuytie
transmission line (coaxial cable RG-213) ranging frethdB  cost of RF receivers used in large radio telescope.
to —6.9 dB, between 10 and 100 MHz, respectively. The use of classic RF receivers, such as the superheterodyne
The comparison between the instrumentation active antemeaeiver topology, results in high costs for large intesfer
noise (feedline and preamplifier) and the galactic noise éers. The frequency range of the receiver described here
shown in Fig. 9. The antenna efficiency is considered unitaiyy 20-80 MHz. The proposed receiver employs the super-

v
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using a single L network (solid blue).

L, following several design parameters, can minimize the Q
Fig. 11. Reflection coefficient measured (solid red) withthet impedance factor of a network. However, despite increasing the band-
matching network; reflection coefficient using the impedanuatching net- width, this technique has some weaknesses: the impedance
ok (Sl =ong e e i alue of e sefsteneficert matching will always be optimized 1o a center frequency
of the optimized network (dashed-strong blue). The refiectioefficients are design and the signal will be degraded in the periphery of
normalized to 500. the central frequency. Tens of cascaded L networks would

be required to obtain a impedance matching for a bandwidth

of 60 MHz (20-80 MHz) and the values for the network
regenerative topology motivated primarily by the low cot qomponents can be impracticable as the number of cascaded
this type of receiver. networks increase very much.

In order to overcome the major problems present in the Fyrthermore, in case of the proposed receiver, the design
super-regenerative receiver architecture [14], it wappsed a of multiple cascaded L networks would be designed to the
receiver topology composed by: 1) a bias tee, 2) an impedanggpedance at center frequency (50 MHz), ignoring the large
matching network for 20-80 MHz, 3) a super-regenerativgyriations of receiver input impedance, as shown in Fig. 11.
receiver, and 4) an audio amplifier stage, as shown in thé&bloc The frequency response of the impedance matching of a
diagram of Fig. 10. simple L network is shown in Fig. 12, and it is evident that

Bias tee block is used to feed the active antenna amplifigrss impedance matching technique is not applicable to the
and its design and operation details are shown in [15], [16kceiver proposed here. The impedance matching network was
moreover, their components are equal to the bias tee locagr@igned from the input impedance measurements in the-super
in active antenna. It is important to mention that the emetby regenerative receiver block.
bias tee does not insert significant noise in the RF signal andan iterative algorithm was implemented to minimize the
does not significantly alter the impedance of receiver inpuhodule of reflection coefficienF;,,;;;,; measured at the re-
Therefore, the electrical analysis of bias tee circuit can lgeiver input from the insertion of an LC network: & Srder
overlooked. bandpass filter was chosen for the filter network.

The impedance matching network for 20-80 MHz was On the algorithm, a functiof'(L,C) calculates the reflection
designed from impedance measurements at the receiver ingoefficient based on the values of L and C of the filter and
Fig. 11 shows the initial values of the reflection coefficieriiased on the values of measured receiver impedance. The
Tinitiar (normalized to 502) measured as a function ofresult of this function is the sum of the reflection coeffitgen
frequency. It can see that the characteristic of the refiectifor frequencies between 20-80 MHz. The frequencies assesse
coefficient, and consequently the receiver impedance input those where the values Bf,;+;,; Were measured.
is highly nonlinear and presents very high values, with a The operation of the algorithm is as follows: from the
maximum of 0.95 for". initial values of L and C, the reflection coefficient seen by th

The possibility of using classical techniques of impedanceceiver input is calculated. In the first step of optimiaafi
matching, either with network L, Pi or T [15], [16] wasall values of L and C are varied. When a local minimumrof
discarded. According to [16], Pi and T networks are extrgmeis found, the values of L and C of the optimized network are
narrow-band and L network is best suited for smaller valdes stored. However, these values of capacitances and indiggan
quality factor Q, which is inversely proportional to bandti. are not values commercially encountered. Therefore, in the
Reference [16] affirms that the cascading of multiple neksornext step, all values of C are approximated by commercial
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values. o
In the third step, the optimization is performed once again, Tank circuit Regeneration AGC 2

AA
W

but now only on the values of L. When a local minimum/Zof

is found, one of the values of the inductors is approximaged bI % ; o A
an inductance available (i.e. an inductance value of ancitodu = {:%_{ % % % || Transistor| - __

that was constructed and measured). In the next step, the :
selected inductor gets out of the free variables of optitiina

At this point there are only four inductors to be optimized.
Then, the optimization is performed again, but now only ové&ig. 14. Basic circuit receiver using the MK484. AdaptedirIK484 data

the four remaining L values. When a local minimum igfis sheet [17].
found, one of the values of the inductors is approximated by

an available inductance. The process repeats until alciods: cost C| that operates in the frequency range of interest (20—
are optimized. 80 MHz), a receiver was developed with transistor logic gsin
The impedance response results using the optimized matgie same MK484 concept. The transistors used in the receiver
ing network are shown in Fig. 11. The broadband impedanggown in Fig. 13 are general purpose BC548 NPN transistor,
matching network circuit is shown in Fig. 13, along with thevhich has a typical operating frequency up to 150 MHz [18].
full proposed receiver circuit. The last step of the basic topology of the receiver is the
From the results shown in Fig. 12, it can be observexudio amplifier. This step was performed with an OPA277PA
the occurrence of a distortion of the frequency response aferational amplifier. The Cl was fed asymmetrically (toitim
the Chebyshev filter which served as the initial value fadhe amplifier output voltage to values compatible with the
the network elements. The inductor L5, see Fig. 13, wasaximum permissible limits of the computer sound card used
unnecessary: after network optimization the inductor @alun correlation data acquisition step). The complete ctresli
became nearly zero. The impedance matching componestiswn in detail in Fig. 13.
values are shown in detail in Fig. 13.
Through the network impedance matching was possible to [Il. I NTERFEROMETERIMPROVEMENTS
limit the attenuation of the initial super-regenerativeaiger In Section Il it is discussed the improvements were made
that had an attenuation exceeding 10 dB with ripple of 3.5 dB the active antenna and analog receiver described previ-
to a frequency response with maximum attenuation of 4.5 digisly. The main motivation for making this update on the
and ripple of 0.5 dB, as shown in Fig. 12. instrumentation was to mitigate the implemented receiver
The super-regenerative receiver considered in the blotkquency offset and investigate changes in the radiam¢sys
diagram in Fig. 10 follows the operation line of the circuitd- in order to increase the active antenna bandwidth galactic
grated (Cl) MK484 (see Fig. 14), a high sensitivity amplgudnoise limited. We aim to lower the interferometer costs with
modulation (AM) receiver [17]. However, according to MK484hese improvements. In this sense, at the end of Section lll,
data sheet [17], this Cl has an input operating frequenae present a cost analysis of the implemented interferamete
between 150 kHz—3 MHz Thus, as in the absence of a lotaking into account the described improvements.
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A. Antenna Investigation 3 ‘
The active antenna operates satisfactorily in the frequer ' I

2a=1mm

range of 32.1-78.2 MHz, as shown in Fig. 9. However, ¢ 2a=2mm
we seek to develop a prototype compatible with LOPE: 2a- 4 mm

operating between 20 and 80 MHz, the main parameters tl 10
can be modified in order to increase usable bandwidth a
1) noise temperature of the preamplifier, 2) preamplifieutnp
impedance and 3) filamentary antenna changes aiming low
standing wave ratio between the dipole and preamplifier. T 10

initial two parameters involve changes in the active batund

a priori imply a certain instrumental cost. The optimizatiot

of filamentary antenna has negligible cost compared to ott .
parameters: basically involves the shape and size of the . 10 20 3 40 s 6 7 8 9 100
tenna. Thus, the improvements are focused in the filamentc.., Freauency [ViHz]

antenna.
. . . . Fig. 15. Comparison ofy = 1 (dashed red line) with the calculated VSWR
1) Inverted V D|poIe Antenna: Accordlng to Fig. 9, the of the NEC-2 antenna simulation using a realistic grounchelas function

feedline noise can be made negligible compared to the preamfrequency for2a ranging from 1 to 4 mm.
plifier noise, since it is visually quite difficult to distingsh

the N, + Ny and N, curves in figure. Thus, we can simplify TABLE |
RELATION BETWEEN THEANTENNA RADIATOR DIAMETER AND THE

Dipole radius
increase

y [dimensionless]

(8) to USEABLE FREQUENCYRANGE
T.
v e ML — T2 ©) 2amm]__v(y > 1) [MHZ] _ Av [MHZ]
pre 1 32.1-782 46.1
The impedance match between antenna and preamplifier is g gg‘g " gg'g gg'g
often characterized in terms of the voltage standing watie, ra 4 28.4 — 84.6 56.2
defined as 14+ [T
+
= , 10
P= T (10)

to [10], both resistance and reactance of a dipole V fed
and therefore (9) can be written as symmetrically at the center decreased with the reductidgheof
value of¢/a. The first parameter investigated is the conductor

v erﬁi, (11) diameter2a. The simulations shown in Fig. 15 kept the same
Tpre (p+1)2 dimensions of the antenna presented by Fig. 3, except the
For extremely badly matched antennas, a large value \6flue of2a. The same conditions of instrumental noise used
VSWR simplifies (11) to previously (see Fig. 9) were used to calculatetheurves as
a function of2a ranging from 1 mm to 4 mm.
v e, Lory 4 (12) Comparing the simulation results shown in Fig. 15 with

Tyre p the result of the implemented antenna, see Fig. 3, some
A preliminary analysis of (12) indicated that using an inconclusions are evident: 1) increasing the diameter of the

verted V dipole radiator that have a more favorable impedang@ipole conductor and keeping all other dimensions of the

matching, i.e., a better VSWR, the active antenna wouldhekteantenna shown in Fig. 3, the frequency bandwidth limited by

the operating range limited by the galactic noise. galactic noise increases as well, 2) with increasing thmdtar
According to [10], who analyzed the V dipole antenn&f the conductor a subtle reduction in resonant frequency

with center feed, this type of antenna can be geometricalyyhere y presents the maximum value) is observed when

characterized by three parameters: 1) the dipole arm lengiareasing the diameter of the conductor, i.e., with a dteme

¢, 2) radius of the wire dipole, and 3) the opening angleof 1 mm, the maximury occurs at~51.5 MHz, increasing the

between the dipole armg. In the study by [10] it is evident diameter the maximum value of shifts to lower frequencies,

that the dipole impedance does not vary significantly $or reaching~50.5 MHz with a diameter of 4 mm, and 3) it

between 120 and 180. With ¥ = 90° the real part of is observed that a diameter increasing of 400% results in a

impedance presented lower values compared to those fo@#pctic noise limited frequency bandwidth increase ofuaibo

for larger values of the opening angle between the arms of t&&.9%, from the range of 32.1-78.2 MHz (witla = 1 mm)

dipole. In contrast, there is significant growth of the raace 0 28.4-84.6 MHz (with2a = 4 mm). Table | shows more

to ¥ for larger opening angles. Comparisons on the variatiéigtails about the useable frequency range.

of ¥ are verified independently af and ¢ settings. Overall,  Despite of increasing in radiator wire diameter resultsrin a

it appears thatl = 90° presents the figures more favorabléncreasing useful range of the antenna, aiming to have a low

to increasing the galactic noise limited bandwidth. Themef cost structures antenna we chose to keep the diameter wire as

the investigation will focus only om and ¢ configurations, 2a =1 mm.

and will keep the implemented antenfia= 90°. According From this point, the effects of varying the length of the
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Fig. 16. Comparison between the NEC-2 simulated standing watio for Fig. 17. Comparison between the NEC-2 simulated standings watio for

the antenna shown in Fig. 3 and the maximum allowed galadigerlimited the antenna shown in Fig. 3 rangidgparameter from 1.75 to 3.25 m and

p- the maximum allowed galactic noise limitgd(dashed-strong red line). The
maximum allowed galactic noise 6.02 dB limitedis shown by the point-
dashed green line.

dipole antenn& will be verified. In this investigation, the

. . . : . . TABLE ||
dipole diameter is kept constant in all simulatiods,= 1 mm. RELATION BETWEEN THEANTENNA RADIATOR LENGTH AND THE
Before further investigation, it is necessary to estimat t USEABLE FREQUENCYRANGE FORDIPOLEV ANTENNA
maximum allowablep where the antenna operate limited by
galactic noise. Isolating in (12), we have tIm] hIml  v(y>1€][10.0,100.0]) [MHz] Av [MHZ]
175 16 19.9-71.0 51.1
Tsry 200 16 10.0 - 68.4J 93.2 — 100.0 74.2
preder . (13) 225 18 10.0 — 100.0 90.0
pre’Y 250 2.0 10.0 - 98.0 88.0
The maximum allowable is obtained wheny = 1. Using ;2;3(5) 3421 ig-g - gg-; ?g-;
the Cane galactic noise model to calculdig,, and using 325 27 10.0 — 80.1 701

the measured noise temperature of MAR-8 preamplifier (see
Fig. 8), we get the maximum active antenna galactic noir -
limited p as a frequency function. Fig. 16 shows the curve « 5
maximumyp.

The curve of the simulated VSWR of the antenna shown
Fig. 3 is compared with the maximum admissipléAccording
to Fig. 16, it is clear the advantage of increasing the dipo
arms length, i.e., the dipole V antenna resonance is shifted
lower frequencies. Thus, we take advantage of VSWR dipc
V antenna curves and the curve of maximum permissible
in order to obtain a higher bandwidth limited by the galacti
noise.

Fig. 17 shows the simulation results @f varying the
parameter from 1.75 to 3.25 m, with step of 25 cm. The ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘
influence of variation oh was not explored, and the value of 0 20 40 g%va“oio[e 00 92)3]0 140 160 180
the antenna mast height was increased just to keep the ante.... ’
ywres above the_ ground plane, where_as_ '_n S|ml_JIat|ons tpﬁ 18. Copolarized patterns at 20, 50 and 80 MHz for the inestted V
influence of varying: does not result in significant differencesipole arm length evaluated: = 2.25 m.
in the galactic noise limited frequency range.

From the simulations of the dipole V antenna is possible
to build Table II, which relates the frequency range limitedimplify (1) to (2). Fig. 17 also shows the maximum acceabl
by galactic noise with the radiators length. The antenna masfor a difference of 6.02 dB~( = 4) between the power due
heighth is also listed. to T, and the instrumental noise. A large valueyoénables

The best dipole length configuration among those evaluatib integration time reduction to the minimum possible, and
in Table Il is for £ = 2.25 m, where the whole spectrumas assumed by [5}y = 4 is assumed to be sufficient for this
between 10 and 100 MHz is galactic noise limited. Thigpplication. As shown in Fig. 17, the inverted V dipole amtzn
antenna configuration presents the pattern shown in Fig. b8s a small portion of the spectrum limited by the galactic
that shows the antenna have very broad beamwidth and a smalke due toy = 4. This motivates the search of other radiating
gain at and below the horizon, as was previously assumedstouctures that allow a greater frequency range galaciigeno

E-Plane gain [dBi]

H-Plane gain [dBi]
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Fig. 20. Comparison between the NEC-2 simulated standing watio for Fig. 21. Copolarized patterns at 20, 50 and 80 MHz for the foektantenna
the antenna shown in Fig. 19 rangidgparameter from 1.75 to 3.25 m and arm length evaluated’ = 2.00 m.

the maximum allowed galactic noise limitgd(dashed-strong red line). The

maximum allowed galactic noise 6.02 dB limitedis shown by the point-

dashed green line.

evaluated in Table Il is fo = 2.00 m, where the whole

TABLE Il spectrum between 10-100 MHz is galactic noise limited. For
RELATION BETWEEN THEANTENNA RADIATOR AND THE USEABLE .
FREQUENCYRANGE FORFORKANTENNA é = 1.75 m the same band Of Spectrum (10—100 MHZ) IS a|SO
limited by the galactic noise. However, despite this anéenn
Z[m]  h[m] v(y > 4 € [10.0,100.0)) [MHz] Av [MHZ] using lower wire length, the antenna with= 2.00 m is
175 16 10.0 — 100.0 90.0 more suitable because it has lower VSWR values at higher
g'gg 1-2 11%%‘_%070;10 gg'g frequency, as shown in Fig. 20. This antenna configuration
250 20 100 — 922 822 presents the pattern shown in Fig. 21, and as it was expected,
275 22 10.0 - 86.5 76.5 meets the previous assumptions.
300 24 10.0 - 81.6 71.6 . : .
395 o7 10.0 — 78.6) 96.0 — 100.0 796 3) Performance Comparison: The active antenna improve-

ments allowed a substantial bandwidth increasing. Despite
several references that propose antennas for low frequency
limited. radio astronomy, [2], [4], [7], [19], most of them show only
2) Fork Antenna: The fork antenna was investigated bypractical results of measurements to suppose the galagtie n
[19] for the Long Wavelength Array (LWA) as a low costantenna useful frequency range. This method although more
alternative to replace the big blade antenna, used so faiik L practical, cannot be true for all situations. The work of [5]
developing. The dimensions of the antenna fork are detailedpresents a methodology similar to this paper, and employs
Fig. 19. The fork antenna proposed by [19] employs a dipoleeé same galactic noise model: proposed by [11]. Thus, the
arm length of¢ = 1.5 m and a mast height &f = 1.5 m. comparison with the work of [5] seems more appropriate than
The antenna was investigated using the same galactic ndiseomparison with the other references.
model described previously, and using the same instrumenThe inverted V dipole antenna described in [5] is similar to
tation. All the simulation of fork antenna employs diameteV dipole described in the paper; however, it uses copperspipe
2a =1 mm,¥ = 90° and ¥’ = 15°. The main investigated radiators with~1/2 inch of diameter and the arm dimensions
parameter was the antenna arm length are smaller. Reference [5] has assessed two antennas agsumi
Fig. 20 shows the simulation results @f varying the a preamplifierimpedance of 2@Dand 400¢2, respectively to
parametef from 1.75 to 3.25 m for the fork antenna, with steghe NLTA and dipole V antennas. The active antenna proposed
of 25 cm. The influence of variation gf was not explored, here has an input impedance of 100 that is given by two
and the value of the antenna mast height was increased jusmolithic amplifiers MAR-8. Using commercial amplifiers,
to keep the antenna wires above the ground plane. that has typical impedance of 830 or 75 €, the results of
Fig. 20 shows the maximum acceptaplor a galactic noise [5] would only be feasible using an impedance transfornmatio
limited by 0 dB and 6.02 dB. The LOFAR LBA antennais stage between the dipole radiator arms and the preamplifier
also shown. Here, it is evident the advantages of fork amtennput. The active antenna usable bandwidth can be increased
compared to inverted V dipole antenna: all fork antennas dvg raising the preamplifier impedance, because, as shown in
limited by the simulated galactic noise between 10 to 100 MH&g. 23 and Fig. 17, the evaluated antennas have a high VSWR
for v = 1, and fory = 4 a large part of spectrum is usable. at periphery of resonant frequency, for a load impedance of
From the simulations of fork antenna we present Table0 Q) (preamplifier) reaching values of 8 10* at 10 MHz
lll, which relates the frequency range limited by galactifor the dipole V. According to (10), the VSWR will be small
noise with the radiators length. The antenna mast héighkt for small values of reflection coefficient. In turn, the refiea
also listed. The best dipole length configuration amongeahosoefficient, given by (5), will tend to smaller values whei: 1
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Fig. 19. Front view and side view of the fork antenna.
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Fig. 22. Super-regenerative receiver circuit proposed.
TABLE IV
COMPARISONBETWEEN THEACTIVE ANTENNA CHARACTERISTICS AND THEUSEABLE FREQUENCYRANGE
Ref. Antenna Zp [ Tpre K] v(y > 6 dB) [MHz] v(y > 10 dB) [MHZ]
[5] NLTA 200 360 10-70 10 - 51
[5] Dipole V (¢ = 1.90 m) 400 360 19 - 66 33 - 46
This work  Dipole V ¢ = 2.25 m) 100 220 — 252.5 (Fig. 8) 20 — 4592 — 100 24 — 39J 96 — 98
This work Fork ¢ = 2.00 m) 100 220 — 252.5 (Fig. 8) 10 — 100 10 — 48
This work Fork ¢ = 2.75 m) 100 220 — 252.5 (Fig. 8) 10 - 87 10-79

(Z, + Z;) — oo, and 2) when X, — Z,) — 0. Thus if Z, wave ratio for the inverted V witlY = 2.25 m and fork
presents high values along the spectrum, the increasg, of with £ = 2.00 m. The value ofy for the fork antenna with
results in lower values of VSWR and consequently in highér= 2.75 m is also highlighted. From Table IV it is clear that
values ofy (see (12)). NLTA and the fork antenna have compatible galactic noise

Another interesting point for comparisons is that the afimited bandwidth.
tennas of [5] ware assessed with copper pipes radiator withthe antenna fork withf = 2.75 m stands out because it can
a diameter greater than 15 times the wire diameter usedc\er the range 10-79 MHz, almost the entire spectrum of
this paper. In other words, large radiator diameters résult the interferometer interest (20-80 MHz) with a differende o
larger values ofy. The evaluation of radiator diameter wasjg gB between the galactic noise and the instrumental noise.
performed and the results of Fig. 15 showed that increasipgwever, it is interesting employment compact antennas, an
the radiator diameter increases the useful bandwidth. it is assumed that a signal (galactic noise) 6 dB higher than

The conclusion is that employing a high preamplifier inpuhe instrumental noise is enough for operability. Thuspies
impedance and a radiator diameter much high, the actif@k antenna with/ = 2.75 m perform better, to reduce the
antenna useful bandwidth will increase significantly. Heare size of antennas, fork witli = 2.00 m still the best choice.
these changes involve significant costs. Table IV compé&ees The antennas proposed in the paper seem cheaper than those
spectrum galactic noise limited by 6 dB and 10 dB for forkroposed by [5]. The reason is the cost of an additional
and dipole V antennas. Fig. 23 shows the simulated standingpedances transformer (to obtaiy = 2002 or 4002) and
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TABLE V
10 . . . BILL OF MATERIALS — ACTIVE ANTENNA
= = = Maximum p(y= 0 dB)
\\ oo mz:gm Séyy: iodgn)a) Part Quantity  Cost [USY] Vendor
T 0%k \ *s —— p(NEC-2) V dipole arm length= 2.25 m| | Monolithic amplifier 2 2.64 Mini—Circuits
8 ’ AN - - - p(NEC-2) Fork arm length= 2.00 m Ceramic capacitor (10 nF) 8 0.8 Digi-Key
® S P(NEC-2) Fork arm length=2.75 m RF chock inductor (0.1 mH) 3 0.5514 Digi-Key
o Resistor (1002) 2 0.28 Digi-Key
g 102k BNC male connector (502) 1 1.544 Digi-Key
: Balun 1 3.9 Mini—Circuits
= Diode 1 0.14 Digi-Key
£ Copper wire — 1 mm 4 (meters)
3 10k PCB board 1
@ PVC antenna mast 1
Total 9.8554
10° ‘ : ‘ : : o ‘ —
10 20 30 40 50 60 70 80 90 100 TABLE VI
Frequency [MHZz] BiLL OF MATERIALS — RECEIVERBASED ONMK484
Fig. 23. Comparison between the NEC-2 simulated standing watio for Part Quantity  Cost [US$]  Vendor
the inverted V dipole and Fork antennas with the maximumnadbb galactic BNC male connector (502) 1 1.544 Digi-Key
noise p limited by 0, 6 and 10 dB. P2 female connector 1 0.519 Digi-Key

RF chock inductor (0,1 mH)
RF ceramic Capacitor (10 nF)

Broband inductors

1 0.1838 Digi-Key
1

the costs of copper pipes, that is more expensive than S|mpleCeramic capacitor (67 pk) 1 0.096 Digi-Key
2
1
1

0.1 Digi-Key

wires. The performance antennas proposed here is as good OFgamic capacitor (76 pf) 0.1 Digi-Key

better than the [5] antennas. Ceramic capacitor (83 pF) 0.105 Digi-Key
Ceramic capacitor (101 pF) 0.075 Digi-Key

L. . Ceramic capacitor (100 nF) 4 0.048 Digi-Key
B. Reviewing the Receiver Electrolytic capacitor (100 nF) 1 0.1004 Digi-Key
In order to minimize the receiver frequency offset and 'Mductor —tank circuit !
fi bl f isolati b h . d . Isolation transformer 131 1
to fix problems of isolation between the receiver and active \riaple capacitor (3-20 pf) 1 1513 Digi-Key
antenna the super-regenerative receiver circuit is pepas Resistor (1 K) 5 0.129 Digi-Key
Fig. 22. The main differences between the receiver imple- Resistor (2.2 R) 1 0129 Digi-Key
. . . Resistor (3 K) 2 0.399 Digi-Key
mented (Fig. 13) and the prqposed (Fig. 22) is the employment pegisior (9.09 1) 1 0.399 Digi-Key
of an external quench oscillator, and the lower number of Resistor (10 k) 1 0.399 Digi-Key
active components. A super-regenerative receiver witaraat Resistor (100 &) 1 0399 Digi-Key
h was implemented with the following blocks: 1) a bias ~eaaw ®e0® 1 0399 Duarkey
quench was |mp_emen o g . ! OPA277PA audio amplifier 1 2.142 Digi-Key
tee, 2) a low noise amplifier (LNA), 3) a super-regenerative Variable resistor (10 R) 1 0.496 Digi-Key
oscillator (SRO), and 4) a low frequency amplifier. LED (3 mm) 1 0334 Digi-Key
. . L .. BC458 transistor 3 0.792 Digi-Key
The LNA is often included to minimize the radiation return  pcg poard 1
from SRO to antenna. Thus, in addition to providing a high Total 11.4162
gain, the LNA also provides the signal isolation between the IBias tee.”Impedance matching'Tank circuit.

RF antenna and the SRO, and even radiation from the SRO

and itself. Another positive point added to the LNA is that th

noise figure of the receiver will be dominated by the LNA. the active antenna circuit. The costs presented in Tables VI
The SRO active element is a MPF 102 JFET transist@nd VIl are related to the receivers illustrated in Fig. 18 an

whose current is given by the source bias resistor. The poldg. respectively. The total costs for the active antennataed

ization of the JFET is performed when the quench oscillatid§ceivers (presented in Fig. 13 and Fig. 22) are, respégtive

has positive voltage values. The central frequency is giyen USS 9.90; US 11.40; and US$ 11.60. In order to have a

the values of the inductor L and the equivalent capacitaficef§ference parameter, it was studied the LOFAR article [20],

series capacitor of 3.3 pF in parallel with the capacitor C. Which mentions a value of L#521,000.00 considering the 96

LBA antennas of a LOFAR station, it means approximately,

C. Cost Analysis US$ 219.00 for one antenna and one receiver.

Here we aim to make evident the low cost condition of
the implemented interferometer by detailing the costs ffier t
active antenna and receivers. Tables V, VI and VII presentThe proposed system can operate satisfactorily in the range
the component name, the component quantity, the cost ref-32—-78 MHz using a LOFAR LBA inverted V-shape dipole
erent to the assigned quantity and the vendor name. THagliator. The modifications described in this paper allow
cost of each electronic component is expressed in Unitdte radiator to increase the frequency range galactic noise
States of America currency and was obtained from thHienited to the whole spectrum between 10 and 100 MHz.
vendors Digi-Key (http://www.digikey.com) or Mini-Ciréis The evaluation of other kinds of low cost antennas allowed
(https://www.minicircuits.com). Table V presents thetsd®r improvements in the fork antenna, allowing the interfertane

IV. CONCLUSIONS
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TABLE VI
BILL OF MATERIALS — RECEIVERILLUSTRATED ON FIG. 22

Part Quantity Cost [US$] Vendor
BNC male connector (50) 1 1.544 Digi-Key
P2 female connector 1 0.519 Digi-Key
Ceramic capacitor (10 nF) 4 0.4 Digi-Key
Ceramic capacitor (100 nF) 2 0.748 Digi-Key
Ceramic capacitor (0.3 pF) 2 0.048 Digi-Key
Ceramic capacitor (12 pF) 1
RF chock inductor RF (0,2 mH) 1 0.1838 Digi-Key
Monolithic amplifier 1 1.32 Mini—Circuits
BF245C JFET transistor 1 0.371 Digi-Key
Electrolytic capacitor (4.7:F) 1 0.3938 Digi-Key
OPA277PA audio amplifier 1 2.142 Digi-Key
Resistor (12Q02) 5 0.129 Digi-Key
Resistor (82Q02) 1 0.33 Digi-Key
Resistor (1 k) 2 0.258 Digi-Key
Variable resistor (100 R) 1 0.496 Digi-Key
Variable capacitor (3—20 pF) 1 1.513 Digi-Key
Ferrite variable inductor (220 nH) 1 1.2 Digi-Key
Quench generator 1
PCB board 1

Total 11.60878

to operate about 6 dB galactic noise limited. Another imgatrt
fact was the design of an extremely low cost RF receiver fi
the LOFAR LBA range.
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