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Abstract A low frequency (40-150 MHz) radioheliograph for observations of the solar
corona is in operation for the last few years at the Gauribidanur radio observatory, about
100 km north of Bangalore. The array has 32 antenna groups and a 1-bit digital correlator
system consisting of 1024 channels is used as the back-end receiver. This paper describes
the latter and results of the associated system tests.
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1. Introduction

The Gauribidanur radioheliograph (GRH) is a T-shaped interferometer array for observations
of the solar corona and it operates in the 40—150 MHz range. The arms of the “T” are oriented
in the East-West and South direction. The basic receiving element used is a Log Periodic
Dipole (LPD, [8]). There are 192 LPDs in the array and they are arranged as 32 groups (refer
[14, 15] for details about the GRH).

2. The 1024 channel digital correlator

In order to carry out multiplications between all the 32 antenna groups in the GRH, a 1-bit
digital correlator consisting of 1024 channels is used (refer [3, 5, 21, 23] for details on 1-
bit correlation technique). To beginwith, the cosine and sine IF signal ( f. = 10.7 MHz and
Af = 1MHz) from the analog receiver are quantised to two levels (+1 or 0) using a zero
crossing detector. The basic element used here is the high speed comparator (AD 790). Its
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output is either a TTL ‘high’ or ‘low’ depending on whether the input IF signal is above or
below the ‘ground’ level, respectively. The TTL output from the comparator is sampled in a
D-type flip-flop (74LS74) at a rate of 2.04 MHz, which is marginally higher than the required
sampling rate (2 MHz corresponding to the IF bandwidth of 1 MHz in the present case, [12]).
This means that the 5th harmonic of the sampling clock will fall exactly at the outer edge of
the IF band in the present case, i.e. at 11.2 MHz. So we get the entire 1 MHz band without
any aliasing problem which otherwise might lead to a reduction in the signal-to-noise ratio
[2]. An Ex-OR gate (74L.S86) is used to demodulate the sampled signal for Walsh switching
[1,6,7,17,22]. Then it flows through delay lines constructed using a combination of shift
registers (74LS164) and multiplexers (74LS151). The necessary delay is implemented under
the control of a computer up to a maximum of ~7.5 us in steps of ~0.5 us. For the 2.04 MHz
sampling rate, the maximum delay error (=0.25 us) causes a coherence loss of about 10%
for a 1 MHz bandwidth [18].

The GRH correlator was built using chips primarily designed for the Nobeyama radiohe-
liograph (NRH, [11]). These are custom built double side band (DSB) chips using CMOS
gate array technology. Each chip is composed of 4 complex correlator units. There are three
4-bit parallel Ex-OR circuits, one 4-bit parallel Ex-NOR circuit, two addition circuits, two
integration circuits, a latch, and a multiplexer circuit in each unit. Figure 1 shows a unit of the
correlator chip. It is to be noted that in the 22-bit counter used for integration, the 6 LSB* are
truncated and only the 16 MSB* are read out. The functional diagram of the chip is shown in
Figure 2, where C* and S* are the cosine and sine IF signal corresponding to each antenna.
The output of the correlator 1 (cosine correlation) is,

CoC+ 5105 (1)
and the output of the correlator 2 (sine correlation) is,
CloSH+S518C 2)

Here @ and & represent Ex-OR and Ex-NOR operation, respectively. Similarly the other
correlators give corresponding outputs. Thus for each antenna pair, the chip gives four cor-
relations compared to two by a single side band (SSB) correlator.

3. Amplitude information using a 1-bit correlator

The output of the quantizer (zero-crossing detector) in a 1-bit correlator is either ‘high’ or
‘low’” with no information on the absolute strength of the signal (like in correlator systems
with Automatic Gain Control loop) since only the sign of the input waveform is retained. So,
the output of the correlator is proportional to the ratio between the correlated power and the
sum of the correlated and uncorrelated power. If 7 is the source brightness temperature and
T, is the sky background temperature, then the measured correlation coefficient is,

T
I, + T,

3

Pm X

This results in identical correlations for a weak source in a weak background and a strong
source in a correspondingly strong background [20]. On the other hand, the output of the
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Therefore in order to get the above correlation co-efficient in the case of a 1-bit digital
correlator receiver, the total power received by the antenna i.e. (7; + T3) has to be measured
separately and multiplied with the measured correlation co-efficient (p,,). The following
scheme originally devised by [19] effectively uses the 1-bit correlator itself to determine the
amplitude of the signal (refer [15] for details).
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1. Compare the input signal voltage with a known threshold Vi,.
If the amplitude is > Vi, then the comparator output = 1
Else, the output = 0

2. Sample the output of the comparator.

3. Correlate the sampled signal with 0 and measure p,,.

It can be shown that the measured correlation coefficient,

pm = erf <\)/_;;> )]

Since Vj, is known, the value of ¢ in Equation (5) can be obtained from the measured values
of p,, using standard error function tables [13]. Observationally, the value of p,, is given
by,

-1 (6)

where N &N are the number of clock samples and correlations, respectively, in one inte-
gration period. Combining this with Van Vleck correction [21], the relation between the
correlation co-efficient (p,) of the unquantized case (analog correlator) and the observed
correlation count N, in a 1-bit correlator is,

. [7 /2N,
p,:alagsm|:§< N —1)] (7)

where o] and o, are the rms values of the input signal voltage to the correlator measured
using the aforementioned scheme.

3.1. Calibration of the threshold voltage Vi

A proper selection of the threshold voltage (Vi) is very crucial getting a correct value for
(T, + Tp). In the case of GRH, we estimated the variation in the output of the threshold
detector with the input level for different values of Vi,. The value of ¢ was calculated from
the measured correlation coefficient p,, for various peak-to-peak values (V,,) of the input
noise signal. The test was repeated for different values of Vy,. It was found that when Vi, =~ 50
mv, the output was linear with the input for values of V,,, in the range 150-200 mV (Figure 3).
To verify our experimental results, we carried out observations of the sky background in the
direction of the cosmic radio sources Cassiopeia A and Cygnus A with the above settings.
The ratio of the observed sky background temperature, i.e. Th(CasA) \as found to be ~0.66.

Tp(CygA)
The corresponding value estimated from the literature is ~0.70 [10].

4. Walsh switching

The coaxial cables that transmit RF signal from different antenna groups in the GRH are
well separated. The IF cables and A/D convertors are carefully shielded. Inspite of these
precautions we found that there is a certain amount of cross-talk between the individual
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signal channels. Assuming that most of it occurs between the signal flowing through coax-
ial cables, the RF output from each antenna group is switched by passing it through an
electronic switch, controlled by the Walsh function signal transmitted from the receiver
building. These switches are kept in the field immediately after the group amplifier. The
switching period for each group is different and is a fraction of the time period for which
the data is integrated. This implies that the crosstalk signal will get averaged to zero as
they will be correlated positively and negatively during either half of the integration pe-
riod [18]. This switching sequence is subsequently removed at the output of the sampler
(using the same Walsh function), thereby also eliminating any errors due to possible DC
offsets in the A/D convertors. It must be noted that the spurious signal will average to zero
through switching only if its amplitude is constant over a Walsh cycle, i.e. it should not be
a fringe frequency waveform. Otherwise the cross-coupled signals may not get cancelled
exactly. In the case of GRH, the fastest fringe frequency variation is about 21 s, whereas
the largest period amongst the 32 Walsh switching functions is ~251 ms, i.e. the integra-
tion time used in the receiver system. This ensures that the cross-talk signal get averaged to
ZEeTO0.

4.1. DC offset in the A/D convertor

The DC offset occurs in the comparator where the input analog signal gets digitized. We
use a 1-bit correlator in the GRH. The ‘zero’ level of the comparator may have an offset,
in practice. Because of this, the digitized output from the comparator will be affected and
ultimately there will be spurious correlation. The latter will limit the dynamic range of the
synthesized image [4]. But the effect of this DC offset can be minimised through the use of
Walsh switching. Figures 4 and 5 show the output of one of the cosine correlators in the GRH,
without and with Walsh switching, for uncorrelated noise. Note that for a sampling rate of
2.04 MHz and an integration time of 2251 ms, the architecture of the correlator chip used in
the GRH gives a correlation count of 15356 for full correlation, 7678 for zero correlation and
0 for anti-correlation. An inspection of the above two figures clearly show that when Walsh
switching is employed, the average observed count is close to the expected value and also it
remains steady (Figure 5).
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4.2. Cross-talk between antenna signals

The cross-talk between the different signal paths in a two-element interferometer system will
give rise to phase error in the observed complex visibility. It is given by (see [15] for details),

Al = % (8)
Smn 7’;
where Ty is the system noise, 7 is the cross-talk factor between the two antennas and §,,,,
is the amplitude of the Fourier component corresponding to the source. Ty consists of both
the antenna temperature 7 due to the source and the receiver noise 7,. One can notice that
the phase error varies inversely as the amplitude of the Fourier component corresponding
to the source. This implies that the effect of cross-talk will be more particularly on those
baselines where the source gets resolved. Figures 6 and 7 show the correlation count obtained
by observing the emission from the sky background without and with Walsh switching. Since
the emission is mostly uncorrelated, the measured correlation count should be approximately
7678 as mentioned earlier, in the absence of any cross-talk between the signal channels.
Figure 6 illustrates how the output is influenced by the cross-talk between the signal channels
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in the absence of Walsh switching. But when Walsh switching is employed, the cross-talk
signals get averaged out and the observed count is close to the expected value (Figure 7).

We also verified the effect of switching by estimating the residual phase error in the closed
loop of baselines [9] formed by antenna groups 8, 9 and 17 in the GRH and the results are
shown in Figure 8. The r.m.s. variation in the error ~3°. Note that we specifically considered
the above 3 antenna groups since the u and v-components of baselines formed by these
antenna groups are the smallest in the GRH. Therefore any possible non-closing errors due
to large scale structures in the sky background should be large in this set (refer [16] for details
on the phase calibration scheme used in GRH).

5. Testing of the correlator chips

The two major source of errors in any correlator chip are: (1) imperfections in the counters
and (2) accuracy of the correlator clock. To check the effect of these errors on the observed
correlation count, we carried out a test by leaving the inputs to the correlator ‘open’. This
implies that the default input will be TTL ‘high’. As mentioned earlier, the correlator chip used
in the GRH uses two correlators for each one of the cosine and sine outputs. Therefore for a
fully correlated signal, the number of counts accumulated in the counter for the cosine channel
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Fig. 8 Closure phase obtained on 15
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should be 2 x 2.04 x 10 x 251 x 1073 &~ 1024000. These counts get accumulated in a 22-
bit counter. Since we read only the 16 MSB?, the expected number of counts is, 1024000/2° =
16000. The corresponding count in the sine channel should be 8000 (Equations (1) and (2)).
The measured correlation counts in the cosine and the sine outputs of the correlator were
15356 and 7678. The difference between the expected and the actual number of counts is
due to the effective integration time being less than 251 ms, i.e., (251 x 1073 — At) s, where
(At)s, is used for resetting the counters before the start of every new integration period.
Though this test is sufficient to check the behaviour of the counter, we performed another
test to examine the different stages of the counter. One of the inputs to the correlator was left
open as earlier, while a 2.04 MHz square waveform was given at the other input. The cosine
output of the correlator for different duty cycles of the input 2.04 MHz square waveform is
shown in Figure 9. Since the output increases linearly with the input, it is clear that different
stages of the counter are working satisfactorily. The sine output remained constant at 7586,
irrespective of the duty cycle of the input 2.04 MHz square wavefrom. As one can notice from
Equation (2), this behaviour is expected since an increase in the duty cycle of the 2.04 MHz
waveform increases the correlation corresponding to C; @ S, and decreases the correlation
corresponding to C,®S). It is to be noted that we have used a 2.04 MHz square waveform,
since the correlator clock speed used in the test was also 2.04 MHz. Any imperfections in the
correlator clock should be more pronounced in this case.

6. Correlator input level vs residual offset

Though Walsh switching scheme is helpful in bringing down the level of the spurious corre-
lation due to DC offset in the comparator and cross-talk between the signal channels, there
is always a residual offset present in the output of the correlator, as one can notice from
Figures 5 and 7. The mean of the observed correlation count for uncorrelated noise at the
input of the correlator is not equal to 7678 as pointed out in Section 5. We carried out a test
to understand the effect of this residual on the level of the input signal (correlated) to the
correlator. The results (Figure 10) indicate that even if the input signal is fully correlated,
the output correlation count (cosine channel) does not show any change until the signal level
is >200mV. So we maintain this as the minimum level of input to the correlator during
our regular observations. The correlation count in the sine channel remained approximately

@ Springer



Exp Astron (2006) 21:31-40 39
Fig. 9 Variation of the correlator 13000
output (cosine channel) for 12000} g
increasing duty cycle of the input
2.04 MHz square waveform 11000 - 1
10000 - 1
5 9000 .
g
=
-2 8000+ B
=
g
g 70001 1
o
6000 1
5000 4
4000 B
3000 ‘ ‘ ‘ ‘ ‘
20 30 40 50 60 70 80
Duty cycle of the 2.04 MHz square waveform (in %)
Fig. 10 Variation of the x104
correlator output for different 13
levels of the input (correlated) Lab |
signal '
130 Cosine channel 1
g 12t E
8
=
2 LIF E
k|
B
S 1r ,
09t E
08F —
Sine channel
07 ‘ ‘ ‘ ‘ ‘
0 200 400 600 800 1000 1200

Input signal level (in mV)

constant as expected, for different levels of the input. Even for the maximum level of the
input, the phase error due to the variation in the sine channel output was only 2°. It is essential
that this phase error is small, since the SNR on different baselines will not be the same while
observing extended sources like Sun.
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