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Abstract- For the most part, so far radio astronomy obsemathave been performed in protected
frequency bands, reserved by ITU for scientificgmges. This means that, ideally, only the amplified
equivalent system noise is present at the endeofabeiver chain (i.e. the ADC input). So, typigall
only a few bits are necessary to describe the kigfiaB| signals are digitised with only 2 bits), bu
today astronomers, in order to get more sensitiaitgl to boldly observe where no one has observed
before, would like to study the radio sky even m#she protected bands. In these cases, a loanf m
made signals, coming both from terrestrial and spadio communication systems, are added to the
very weak sky noise. For the first time, radio $efgpe designers must take in account the problem of
the A/D converter dynamic range, since the incredgbe total received power could lead the A/D to
saturation. Here, a procedure to estimate the meduiumber of bit (resolution and dynamic) and the
input power level of an A/D converter, is descriteettl applied to a new radio astronomical system
which is under development at the Medicina radisepbatory: the BEST project [1].

I. Introduction

At the Medicina observatory the upgrade of the Nemh Cross antenna (figure 1) is in progress. The
previous version of the Northern Cross receiverske in a protected 3.9 MHz bandwidth around 408
MHz but, in the new version, the receivers must kwor a bandwidth up to 16 MHz. In these
conditions, the radio-telescope receives the magensgnals placed in the border of the 16 MHz
bandwidth. It is necessary to know the dynamic eamoigthe input signal and its power level in ortter
design the receiver chain (gain, number of bits) et

1. ADC: bit number and input power evaluation

To evaluate the number of bits needed in an AD@esysthe dynamic range of the input signal has to
be analyzed. Theoretically a radio telescope shaddive only the very weak sky noise, which can be
described using only 2 or 3 bits. But, due to thespnce of stronger man-made RF signals (onleif th
fall in a protected frequency band we can call tif-Radio Frequency Interference), the raise ef th
received power has to be taken into account todaa saturation of the A/D converter.

Figure 1. The Northern Cross antenna Figure 2. The 22 mt Medicina
RFI monitoring tower
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A measurement campaign has to be performed to &eathe maximum dynamic range of the ADC
input signal. This campaign is based on RF measem&with a reference antenna system located on
top of a 22 mt Medicina RFI monitoring tower (figu2). Obviously these are not equal to the antennas
of the radio-telescope, but this is the only pdssikay to estimate the signal power level aroure th
Medicina observatory. In particular, to obtain arstacase estimation of the radio frequency band, a
spectrum analyser in max-hold configuration hasnbeennected to 2 Yagi antennas, one for the
vertical polarization and one for the horizontakpwhile they were rotating continuously to scdn al
the azimuth directions at an height of 22 mt. ANMBz bandwidth around 408 MHz was scanned,
obtaining the result shown in figure 3. To consither overall power contribution of the full banditig

all the values detected, in each 30 KHz bandwibltve been linearly added. The final result (after
subtracting the antenna gain, cable loss, amptfiatributions) was:

P =—69.4 dBm (1)

where the subscript 0dBi indicates that the poweellis referred to an isotropic antenna with ugita
gain in all directions.

This could be considered a good estimation of ttimum, worst-case RF power that can be
received by each BEST-1 and BEST-2 receiver sintean value of the side lobes, where the RFI are
typically received by the antennas, are near 0@Bé& sky contribution should be considered too,itut
is negligible in comparison to man-made RF signals.
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Figure 3. Radio spectrum obtained from the RFI naoitig tower.

To evaluate the ADC dynamic range, the minimum inmuwer has to be calculated: this is the cold
sky temperature (i.e. the temperature of an ardlaeotky far from the galactic plane where theeerar
radio sources) plus the equivalent system noisernetf to the antenna terminals. The theoretical
antenna noise temperaturg for BEST-1, when the antenna is pointed to thétheis [2]:

T, =35K @408MHz (2)
Considering [2] and [3], dysis:

Toys =86.2K (3)

Therefore, the equivalent system input noise pdeg for a B = 16 MHz bandwidth (as in the BEST
project) is:

kT, B
Pys = 10'0910(1&63] =-1072dBm  (4)

! The N/S focal lines are at an height of abounttabove ground, so they have a shorter radio hotizan the RFI
monitoring system. In the BEST-3 system, some recsiwill be placed on the E/W focal line, at ab80tmt
above ground, higher than the antennas of the RRitoring tower. So the situation could be worse. Pogg;
could be higher than -6318m).
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where k is the Boltzmann constant. The maximum hoaange, B, results:

P, = Py — P,.=—69.4- (-107.2F 37.8dB (5)

sys

In order to evaluate the number of bits neededeszidbe this power dynamic, since an ADC converts
voltage into bits and not power into bits, we neeglationship between the power and the voltage at
the input of the AD converter. If we consider thm@est possible situation, where there is only a
monochromatic tone at the input of the ADC, we easily find the relationship (considering a @0
matched system):

2

P =30+ 10log, {\Z/EJ = 30+ 20I090B/5’0} (6)

where \bis the voltage peak value, expressed in Volt, &edpower P is expressed in dBm. From this
equation we obtain also that if the voltage is dedb(2Vp), there is a 6dB of power increase
(20log;02=6). So, each bit corresponds to an incremenhefitput signal of, respectively, 3dB in
voltage and 6dB in power. If we divide the dynamaage R by 6, we can obtain the required ADC
number of bits to sustain such dynamic. But theviptes relationships are rigorous only in that sienpl
situation: if we look at figure 3, we can see thaeal RF scenario can be very different from glsin
CW tone. In that situation a simple closed fornexpress the relationship between the input power an
the input voltage (and so the number of bits) dussexist. And even if it is still true that eacloma
significant bit corresponds to a doubling of thetamtaneous input voltage, not necessarily each bit
corresponds to a 6dB of input power increase. Weszgy: the more RF scenario is dominated by a
single strong signal, the more accurate the previelationships are. That said, for a first attempt
consider the relationships valid also for the BE$3$tem RF scenario, so:

P .
N, = ?d = 6.3 bit (7)

The integer value greater thag ¥ 7. Considering 3 bits to describe the radioosstmical signal, the
final number of bits is:

Ny, =[N |+3=7+3=10bit (8)

In our case the chosen ADC is the AD6645 from Agdlevices, which presents 14 bits and a peak-
to-peak input voltage pb.y = 2.2V. From the datasheet, the effective numlbdaite (ENOB) is 12 at
100 MSPS (sampling frequency in the BEST prdjesb the device sensibility (minimum detectable
input signal voltage variation) p¢_ sgresults:

Vop 22
Vepiss =y~ = o1p = 3TN (9)

Considering 3 bits to describe the radio astronahs@nal (8 quantization levels), the peak-to-peak
voltage excursion M.\ (N=noise) is:

Vepony =2 Wpp_ gp =8B37010° = 43 mV (20)
The effective voltage (Mus), computed in a radio astronomical band, is [4]:

V.. /2 4300%/2
V, = PPN = = 048mV 11
RS = 5o 720 (11)

Considering the ADC driven by a D input impedance buffer, the ADC input power leRgl needed
is:

2 The Northern Cross antenna works at 408 MHz, bustiteal is down converted to 30 MHz before the ADC.
Therefore, in the IF stage (intermediate frequenity bandwidth is 16 MHz centred at 30 MHz (frotht2 38
MHz) and we can sampling at 100 MSPS.
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50

V2 32
P.N—30+10Enog[ ] 30+1omog[ 048010 ]=—53dBm (12)

input
This power value is important to calculate theltgtn of the receiver chain.

I11. Measur e of the effective number of bit and I nput Power

The measurement bank was composed of a spectrulys@naa power meter and a logic analyser
program; in order to acquire the same signal corfioig the antenna, it was split in 3 ways. The A/D
converter is the AD6645 evaluation board from Apgaloevices. We made a Labview program
(working in a PC) in order to synchronize all thetrtuments and to acquire the data. The logic araly
ran in another PC, where we also installed a cardiipn software for the ADC evaluation board.
Through the spectrum analyser we monitored theF§Kly scenario and the spectrum power. This last
datum was compared with the output of the poweremat order to check it. Through the logic
analyser we monitored the bits variations. A pietaf the measurement bank is shown in figure 4s Thi
measurement phase lasted for a few weeks to acti@saeobserving in all directions.
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Figure 4. The measurement bank.

Using a 14 bit ADC (sampling rate = 100 MSPS) thenher of bits describing the noise system was
evaluated disconnecting the antenna from the recelvain: 3 bits of variation were noted (8 counts)
Of course, the minimum ADC input power of the radi&ironomical signal must exceed the noise
system. In order to calibrate the measure banlcomeected a very narrow band filter (1.7 MHz) &t th
end of the analogue receiver chain. In this casehad no man-made signal inside the band (protected
band) and we observed 11 counts (3.46 bits): thisur noise floor. Since the Northern Cross radio-
telescope bandwidth is 16 MHz, we calculated thegydncreaseAP) due to the band widening from
1.7 MHz (B, ;) to 16 MHz (Bg):

AP =10log,,(kTB,) —10log,,(kTB ;) =10log sle —10Iog% = 974dB (13)

17

We also have to consider that the 1.7 MHz filtes laa attenuation of 5.57 dB, therefore, when we
dismount the filter, we will have an increase o thower due to the elimination of the filter
attenuation. In order to calibrate the system, djgsied the step attenuators (placed on the analogu
receiver board) in order to compensate the filts! Considering (7) we can say tidr=9.74 dB
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corresponds to 1.62 bits. Adding that value tohite of the noise floor (3.46 bits), we have 5.08 bf
variation, equivalent to -42.9dBm: that it is thewer of 16MHz bandwidth without interferences.
After this calibration phase, we were ready to roeasthe number of bits variation due to the
interferences. Inside the 16 MHz bandwidth we obegra lot of man-made signals, especially radio
relay stations (figure 5).
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Figure 5. Power spectrum at the ADC input.

Sometimes, near the Medicina radio-telescope, ansfic stratospheric balloon is launched. The
interference contribution coming from the balloenvariable and depends on its position, due to the
wind direction. So, it is not easy to understasdefifective interference power. During a measurémen
the interference contribution from the scientifizatospheric balloon was very high: it has to be
considered as a very strong source. Using a lagatyaer, the maximum value of the measured counts
was 259 (8.02 bits) equivalent to -25.2dBm. Since started with 5.08 bits, the maximum bits
variation (due only to the interference contribojigs 3 bits (8.02-5.08=2.94 bits). The power value
measured with the spectrum analyser was -27.58dBne apply (7) we obtain a contribution of 2.55
bits of variation, very near to the value of thentngr of bits measured with the logic analyser. \&e c
say that the previously relationships is a goodhaetto value the ADC resolution when there is a
strong source higher than any other man-made signal

I11. Conclusions

A complete new receiver chain was built and insthibn the Northern Cross radio-telescope. For the
first time the system bandwidth has been intentigimoadened besides the limit of the reserveddban
in order to test new techniques and algorithmsefject unwanted RF signals in radio astronomical
applications. A receiver design procedure to ederntize requested dynamic range to the A/D converter
and its needed input power has been studied, abple finally compared with the actual receiver
chain. In the adopted procedure (8) above descriBedits due to the interferences have been
estimated, so a 10 bit A/D converter seemed nepessansidering 3 bits for the radio astronomical
signal. From the measures we performed on the lagoeiver chain, only 3 bits seem to be necessary
to sustain the man-made radio signals in the BE&SWWidth, so the total number of bits required.is 6
Following these considerations, an 8 bit A/D coteecould work properly, so we decided to try adso
different acquisition system with fewer bits.

We attribute the difference between the estimatédiumber and the measured one to the different
antenna systems: Yagi antennas pointed towardsdtizon and working in the max-hold mode versus
a half wavelength dipole focal line inside a Nog&buth cylindrical reflector pointed towards the sky
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We have concluded that our estimation procedure wasservative, but applicable to radio
astronomical observations. Further investigatidreuil be performed to reduce the difference between
the estimated and the actual requested numbertaf However we noted that when the spectrum
analyser in connected directly to the radio telpscand not to a separate monitoring tower) the
procedure to value the requested ADC number ofdeiésn to be a good estimation.
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