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1 Summary

The Australian Square Kilometre Pathfinder (ASKAP) telescope uses external noise sources to
maintain calibration of its phased-array-feed (PAF) beams. This memo describes how we set
the on-dish calibration (ODC) signal level and assess its impact on PAF beam sensitivity. This
work took place during the commissioning of ASKAP’s ODC systems and produced a number of
useful diagnostics for assessing their health and function.

Key results include:

e a technique for measuring the ODC signal level relative to the single-port system noise
power at the PAF low-noise amplifier (LNA) inputs;

e a procedure for setting up the same ODC signal level on each ASKAP antenna;
e a variety of diagnostics for assessing ODC health and function;

e finding that the ODC noise contribution is effectively mitigated by the standard maximum
signal-to-noise ratio (maxSNR) beam weight solution so long as the ODC noise is on
during beamforming; and

e finding that the ODC noise should raise the T,, of beams by less than 1% so long as
the ODC noise is on during beamforming and is no stronger than 24% of the single-port
system noise power at the LNA inputs.

An earlier exploration of the utility of the ODC system for PAF diagnostics and calibration can be
found in (Dowson, 2017).
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2 ASKAP’s On-Dish Calibration System

ASKAP uses external noise sources to maintain calibration of PAF beams. Figure 2.1 shows
a functional schematic of the on-dish calibration (ODC) system (Beresford et al., 2018) that is
installed for each ASKAP antenna. Each reflector antenna has a dedicated broadband noise
source co-located with its digital backend at the central site. The calibration noise is trans-
ported via radio frequency over fibre (RFoF) to a small antenna, mounted at the vertex of each
paraboloidal reflector, that radiates the noise into the PAF.
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Figure 2.1: Schematic of the on-dish calibration (ODC) system.

There is a programmable attenuator to control the level of calibration noise radiated into the PAF.
This may be set in 1 dB steps between 0 dB and 31 dB. Before this study it was common practice
to set these values to a mid-range value of 16 dB by default.

Near the point where the calibration signal is converted back to an electrical signal for radiation
into the PAF, a portion of the optical signal is reflected back along the fibre to the digital receiver
(Brown et al., 2014) at the central site. This “return” copy vy, of the calibration signal travels a
similar distance back to the digital receiver as the radiated signal v ; received at the i PAF port.
A “reference” copy vt Of the calibration signal is also directly injected into the digital receiver.
This may be used in the future to extract the component of calibration corrections due to the
RFoF link.

We used the Array Covariance Module (ACM), implemented in the firmware of ASKAP’s “Red-
back” beamformer hardware (Hampson et al., 2014), to correlate the signals vy, received via
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each PAF port with v,. The correlations required for calibration are in the columns of the covari-
ance matrix corresponding to v and vy,. The firmware also includes a Calibration Correlator
Module that calculates and downloads a single, user-specified column of the covariance matrix
with up to 12.5% duty cycle. This is four times better than the best duty cycle possible for the full
ACM download, making the Calibration Correlator twice as sensitive for estimating the response
of the PAF to the ODC noise.

3 Estimating Calibration Signal Levels at the PAF LNA Inputs

To configure the calibration system, it is useful to estimate the level of calibration noise received
at a given PAF port vg,; relative to the system noise power of that port v, ;. We define both
of these quantities at a reference plane at the PAF low-noise amplifier (LNA) inputs, shown in
Figure 2.1, and combine them with gain terms to make expressions for the signals received at
the digital receiver and their correlations. Algebraic manipulations of these correlations yield the
desired power ratio estimates.

The signal entering the digital receiver from the i PAF port can be expressed as

Upat,i = Ypat,i (Veal,i & Uni)- (3.1)
Here vy ; is the radiated calibration noise measured as a voltage at the input of the LNA on the
i™ PAF port. gpat; is the complex-valued voltage gain from the input of that LNA via RFoF link
back to the digital receiver input. Noise voltage v, ; represents the end-to-end system noise of
the 1" PAF port and its RFoF link, all referred to the LNA input.

The “return” copy of the calibration noise entering the digital receiver may be represented by

Urtn = YrtnVcal,i (3.2)

where gy, is the complex-valued voltage gain of the “return” path of the calibration signal reflected
back to the digital receiver. This gain is abstractly referred to the reference plane at the PAF LNA
inputs. In (3.2) it is assumed that the calibration signal dominates any other instrumental noise
at the digital receiver input. We also assume that no significant correlated noise is added at any
point beyond the transmission of the calibration signal from the central site.

We now use (3.1) and (3.2) to expand the auto and cross-correlations of v, ; and vy, as

|Upaf,z'|2 = |gpaf7i’2(‘vcal7i|2 + ‘Un,i‘z), (3.3)
|'Urtn‘2 = ‘grtnIQ‘IUcal,i 2: and (34)
Vpat,iVrn = gpaf,ig:tn|vcal,i|2- (3.5)

These products are used to calculate the Pearson correlation coefficient
Upat,iVrtn
|Vpat,i |2 Vitn|?
_ gpaf,ig;n|vcal,i 2
‘gpaf,i|\/("0cal,i 2+ |vni]?) | grn [ Vea i]

i (Opat,i —0
6]( paf,i rm) |/l)ca|’i|

B \/|Ucal,i|2 + |Un,i|2

p:

(3.6)
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in which the gains have cancelled. Taking the absolute square of both sides gives

ol* = Ve (3.7)
|Ucal,i|2 + "Un,i|2

which may be rearranged to

12 |2
[ol? (|Ucal7z| + 1) _ lenil? (3.8)

|vn i[> B |vn i[>
Finally, we solve for the ratio of calibration power to system noise power at the input of a given
PAF port

|Ucal,i|2 _ |p|2
|Un,i|2 1- |p|2

(3.9)

Figure 3.1 shows violin plots of 10 1og; (|vars|?/|vni|?) evaluated via (3.9) for ASKAP schedul-
ing block SB04768 during which all calibration noise attenuators were set to 16 dB. This figure
summarises the calibration noise power level at the PAF LNA inputs for all 16 ASKAP anten-
nas available at the time of measurement. The width of each “violin” shows an estimate of the
probability density function of the power ratio from measurements of all 188 PAF ports and 336
one-megahertz frequency channels on one ASKAP antenna.
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Figure 3.1: Power ratio between calibration and PAF noise at LNA inputs. The width of each
“violin” shows an estimate of the probability distribution of the power ratio calculated from mea-
surements of all 188 PAF ports and 336 one-megahertz frequency channels for a given ASKAP
antenna. Measured via SB04768 on 27 November 2017. ODC attenuators were all set to 16 dB.

ASKAP’s On-Dish Calibration Signal | 4



The very low power ratios for ak01 and ak19 suggest that their ODC systems were not working
at the time of the measurement. The large negative ranges of outliers on antennas ak04, ak06,
ak10, ak14, ak27 and ak30 suggest that some PAF ports have poor RF transmission through to
the digital receiver on these antennas. Partitioning plots over polarisation and PAF port number
would help to trace these problems, but is beyond the scope of the current work.

4 Experiments

Beyond the first single-shot measurement in SB04768 with default attenuator values, used for
Figure 3.1, we performed three experiments that included coordinated sweeping of the attenuator
values, formation of beams, and assessment of the sensitivity of beams with and without the
ODC noise enabled.

Table 4.1 summarises the measurements involved in each experiment. Each scheduling block
involved collecting ACMs from all available antennas while they tracked the Sun with a variety of
offsets corresponding to a desired pattern of beams on the sky that we call the footprint. We used
a single-beam boresight footprint in measurements targeted at understanding the impact of
ODC noise on beam sensitivity as a function of the ODC power level. We used a 36-beam
square_6x6 footprint, that is typically used in ASKAP’s imaging observations, to asses the
impact of ODC noise on PAF beam sensitivity as a function of beam pointing within the PAF field
of view (FOV). All beams used maximum signal-to-noise ratio (maxSNR) beamformer weights
calculated according to McConnell et al. (2016).

Experiment 1 Boresight measurements with ODC off, then repeated with the ODC at two power
levels separated by 10 dB. The aim was to quickly validate the derivations in Section 3, to
see that our estimate of the power ratio from (3.9) changes by 10 dB for a controlled 10 dB
change of the ODC power level.

Experiment 2 Sweep of the ODC attenuators over their full range whilst performing ACM mea-
surements towards and away from the Sun at boresight. This was followed by two full
square_ 6x6 beamforming calibration measurement on the Sun: (1) with the ODC noise
power at a relatively high level and (2) with the ODC noise turned off. The aim here was
to measure impact of the ODC noise level on boresight beam performance, then at one
particular ODC noise level, measure impact over the full FOV.

Experiment 3 Boresight measurements to determine per-antenna adjustments of the ODC at-
tenuators so that the same radiated ODC noise power level is received by each ASKAP
PAF. This was followed by a boresight measurement with the selected attenuator settings
and another with 10 dB more power than the selected settings. Finally, a square_6x6
beamforming calibration measurement was made with the higher power level setting to
assess impact over the full FOV.
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Table 4.1: Summary of experimental data. Antennas for which the ODC system was fully working
at the time are shown in green. Numerical values indicate ODC RF attenuator value and “off”
indicates that the ODC system was completely turned off.

ﬁ;';id"""g ako1 | ak02 | ak03 | ak04 | ak05 | ak6 | ak10 | ak12 | ak14 ak16 | ak19 | ak24 ak27 | ak28 | ak30 Beam
Experiment 1 05/12/2017
SB04788 Off Off Off Boresight
SB04789 16 16 16 Boresight
SB04790 6 6 6 Boresight
Experiment 2 10/01/2018

SB04951 16 16 16 16 16 16 16 Boresight
SB04952 0 0 0 0 0 0 0 0 0 Boresight
SB04953 4 4 4 4 4 4 4 4 4 Boresight
SB04954 8 8 8 8 8 8 8 8 8 Boresight
SB04955 12 12 12 12 12 12 12 12 Boresight
SB04956 16 16 16 16 16 16 16 16 Boresight
SB04957 20 20 20 20 20 20 20 20 Boresight
SB04958 24 24 24 24 24 24 24 24 Boresight
SB04959 28 28 28 28 28 28 28 28 Boresight
SB04960 31 31 31 31 Boresight
SB04961 16 16 16 Boresight
SB04962 6 6 6 6x6 beam
SB04963 Ooff | Off Off Boresight
SB04964 off | Off | Off 6x6 beam
SB04974 Boresight
SB04975 Boresight
SB04976 Boresight
SB04977 Boresight
SB04979 Boresight
SB04980 Boresight
SB04981 6x6 beam
5 Results

5.1 Validation of the System Model

In experiment 1, scheduling blocks SB04789 and SB04790, with attenuator values of 16 dB and
6 dB respectively, were used to estimate the ratio of the calibration power to noise power via
(3.9). From scheduling blocks SB04789 to SB04790, the ODC power level increased by 10 dB
while the PAF noise power level did not change. Thus, the ratio of the ODC power to the receiver
noise power should increase by 10 dB from SB04789 to SB04790.

We measured a power ratio of 10.0 = 0.2 dB between the two scheduling blocks. This is the
median and standard deviation of all power ratios calculated independently for each 1 MHz
channel of each PAF port of each antenna with a working ODC system. As expected the ratio is
very close to 10 dB. This suggests that the calibration to noise ratio in (3.9) is a useful quantity
for estimating the power of the on-dish calibrator.
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5.2 Calibration Noise Power for Different Antennas and Attenuator Values

In Experiment 2, the ODC attenuator values were increased in 4 dB steps covering the full range
of attenuation. A measurement at the mid-range attenuation of 16 dB was made before and after
the full sweep to check for any drift during the measurement. A final measurement was made
with the ODC turned off so we could see how close the maximum attenuation scenario was to
a completely absent ODC signal. We did this as the ODC noise sources have a relatively long
power-up time constant that might be avoided by leaving them on all the time and switching to a
high attenuation when we don’t want to use them.

Figure 5.1 shows the measured calibration noise power received at the PAFs versus the SBID for
two antennas with working ODC systems. The ODC attenuation setting for each measurement
(SBID) can be looked up in Table 4.1. These results show that:

e The same ODC attenuator value yields different calibration noise powers at the PAF LNA
input for different antennas. Although this is best illustrated by Figure 3.1.

e The same ODC attenuator value at later times yields the same calibration noise power at
the PAF LNA input.

e The maximum attenuation is not equivalent to the ODC being off in terms of noise calibra-
tion power. Turning the ODC off reduces its power by at least a further 30 dB below the
typical seen at the maximum attenuation value. A better strategy for avoiding the power-
up time-constant might be to toggle the RFoF link that transports the noise signal to the
antenna.

We expect that the median of the power ratio will decrease linearly with increasing attenuation.
Figure 5.2, shows scatter plots for a selection of antennas with ODC systems in different states
of repair. The expected trend was observed in all antennas with working ODC systems in Exper-
iment 2: ak02, ak10, ak12 and ak30. Antenna 1 showed the correct trend, but was classed as
not working as it had significantly lower ODC power levels than other working antennas.

A comparison of the calibration noise power with the attenuation level set to its maximum (31 dB)
and with the ODC switched off, was performed. Figure 5.3 shows that, for antennas where the
ODC is working, the received ODC power level is at least 30 dB lower when it is switched off
than when the attenuator is at 31 dB.

5.3 Equalising the ODC Power Levels Across the Antennas

Experiment 3 attempts to adjust the ODC attenuator values so that the radiated calibration noise
power received at the PAF LNA inputs is approximately equal on all ASKAP antennas. See Table
4.1 for the attenuator values used. Figure 5.4 shows the ODC power levels after attempting
align them. As before, the distributions for ak01, ak04, ak06 and ak19 indicated that their ODC
systems were not functional. The inability to bring the ak02 calibration noise to the same level
as other antennas, despite it having good noise power, suggested a misconnection of the noise
source outputs at the central site, sending what should have been the direct reference signal
out to the antenna and what should have been the signal for radiation directly into the digital
receiver. This was confirmed by inspecting the amplitude of v, for ak02 and seeing that it varied
linearly with the attenuation setting. For the remaining antennas, the calibration noise power
distributions are more closely aligned.

Figure 5.5 shows a more recent attempt to align ODC powers across all 28 ASKAP antennas
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Comparisen of power ratie (dB) on ant 10 for all the scheduling blocks in experiment 2
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Figure 5.1: Calibration noise power levels at the PAF LNA inputs during the sweep of ODC
attenuator values in Experiment 2. The first and penultimate measurements are of a mid-range
attenuation of 16 dB and the final measurement is with the ODC system turned off.
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Figure 5.2: Median power ratio decreases linearly with attenuation on working antennas.
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Comparison of calibration to PAF noise power ratio for 31 dB atenuation and no calibration noise
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Figure 5.3: Comparison of 31 dB attenuation to the ODC being switched off, also clearly shows
that ak02, ak10, ak12 and ak30 have operational ODCs and that the failure mode of the ODC on
akO06 is different to that on other antennas with faulty ODCs.

available on 29 August 2018. The ODC power levels are equalised across all antennas except
for, antenna ak01 which is low even with the attenuator set to zero, and antennas ak02, ak11,
ak26, ak27, ak34 which were not working.
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Figure 5.4: Calibration noise power ratio across all antenna in Experiment 3 after adjusting
the RF attenuators. ODC power levels are aligned on all antennas except for ak02 which had
mistakes in the cabling of its ODC system.
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ODC on/off Test 29/08/2018 After Adjusting Cicada Attenuators
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Figure 5.5: Recent calibration to PAF noise power ratio measurement comparing ODC on/off
states across all 28 ASKAP antennas available on 29 August 2018. ODC attenuators were
adjusted to equalise calibration noise across all antennas with working ODC systems.

5.4 Impact of ODC Signal on Beam Sensitivity

We assessed the impact of the ODC noise on beam sensitivity by computing the beamformed
Y-Factor on the Sun. Figure 5.6 shows the Y-Factors for both polarisations for three scenarios:
“matched” weights (blue) made and assessed with ODC on, “mismatched” weights (orange)
made with ODC off and assessed with ODC on, and a reference “ODC off” case (red) where the
ODC was off for both beamforming and sensitivity assessment.

Whether or not the noise source is on during beam weight calibration has a big impact. If the
ODC is being used, significantly better sensitivity is obtained when the weights are determined
with the noise on. This is because the maxSNR method tries to minimise all noise contributions,
including the ODC noise when present, with respect to the desired signal. If the ODC is not
turned on during beam weight calibration, it results in beams that are much more susceptible to
contamination by the ODC noise.

Figure 5.6 also shows strong frequency structure in the Y-factor of the “mismatched” scenario
where the ODC was turned off during beamforming then turned on for Y-factor measurement.
Over narrow frequency ranges that repeat quasi-periodically through the spectrum the Y-factor is
nearly as good as the “ODC off” reference case. We hypothesise that this is due to a cavity effect
between the PAF and the reflector surface resulting in destructive interference of the calibration
noise at particular frequencies, meaning that there is significantly less available calibration noise
at these frequencies.

Figure 5.7 shows that the calibration noise input adds only 1% to the system temperature on the
boresight beam in the “matched” scenario, however outer beams in a square_6x6 footprint
are degraded by up to 9%. This test was performed with the calibration noise set at 2.2 times the
single-port system noise power so we should be able to limit worst-case (outer) beam sensitivity
degradation to 1% by reducing the calibration noise level to 24% of the single-port system noise.
In fact, we plan to set the calibration noise at just 5% of the single-port system noise during
astronomical observations and expect beam sensitivity degredation closer to 0.2%.

These measurements and projections should be viewed as upper limits on the degradation of
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Figure 5.6: Beam sensitivity (Y-Factor) dependence on coordination of beamforming with ODC
state. This explores “matched” weights (blue) made and assessed with ODC on, “mismatched”
weights (orange) made with ODC off and assessed with ODC on, and a reference “ODC off”
case (red) where the ODC was off for both beamforming and sensitivity assessment. When
using the ODC it is important for it to be turned on during beamforming.

beam sensitivity. Some of the degradation we measured would have been due to changes in
elevation, and thereby spillover, between “matched” and “ODC off” beamformer calibrations.
We made multiple measurements of boresight beam degradation with different calibration noise
levels over a 15 dB range and always measured an order 1% degradation of the boresight beam.

Finally, Figure 5.8 shows that beamformed sensitivity can be improved a further 3% at lower
frequencies by including a returned copy of the calibration noise as one of the beamformer
inputs when calculating the maxSNR beamformer weights.
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Figure 5.7: The ODC noise has a bigger impact on the sensitivity of outer beams. These plots
compare Y-factors for beams 1, 7 and 21 of a square_6x6 footprint between the “matched”
case with the ODC on during beamforming and Y-factor measurement and the reference case
where the ODC system was off the whole time.

6 Conclusion and Further Work

Our key finding is that the calibration signal is adequately suppressed in the beamformed output
so long as the calibration signal is active when the beamformer weights are calculated. Our
measurements suggest that the ODC noise should raise the 7T, of beams over the usable FOV
by less than 1% so long as the ODC noise is on during beamforming and is no stronger than
24% of the signle-port system noise power at the LNA inputs. The calibration signal can be
further mitigated below 780 MHz by including a returned copy of the calibration noise as one of
the beamformer inputs when calculating the maxSNR beamformer weights.

We have also demonstrated a method of estimating the calibration noise power at the PAF LNA
inputs. Plots of this ratio calculated from all PAF ports and frequency channels provide useful di-
agnostic information about the health of the ODC and PAF systems at the time of measurement.

They are also useful when setting the attenuators to equalise the ODC noise level used on all
antennas.

Further investigation is required regarding (1) the suspected cavity effect between the reflector
and the PAF; (2) why including the calibration noise copy into the beamforming only improves
frequencies below approximately 780 MHz; and why the ODC noise has a bigger impact on
sensitivity of the outer beams. It appears that the cavity effect is smaller and therefore the
electromagnetic relationships between the calibration antenna, the PAF, and the ASKAP antenna
are significantly different below 780 MHz. It would also be useful to separate the impact of ODC
noise on beam sensitivity from other small and variable noise contributions like spillover.

The next step will be to use the ODC during regular observations in order to calibrate the beam
during observations and monitor gain drifts in the PAF electronics.
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Figure 5.8: Including the calibration port when calculating beam weights improves sensitivity in
the lower frequencies up to 3%. The blue trace included a reference copy of the ODC noise
source in the maxSNR beamformer weight solution and the green trace did not.
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