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Fig. 7.— S/N of PSR B0329+54 as observed with 3 set of
HBAs, with the stations located in Ireland (dedicated observa-
tions), Poland (Błaszkiewicz et al. 2018) and Sweden (dedicated
observations) respectively. The zoomed panel shows the S/N above
1000 in linear scale. At similar elevation, the rising phase of
PSR B0329+54 is characterised by a higher S/N.

of the effect is large, with responses often being � 20%
better on the rising side. The Hamaker beam model, as
implemented in DreamBeam for example, predicts a much
more symmetric response (see Sect. 5). The asymmetric
response is also seen to be in least in qualitative agree-
ment with imaging observations of Cas A performed by
Creaner and Carozzi (2019).

5. DISCUSSION

Using pulsar observations, we have been able to char-
acterize the response of the HBAs at the IE613 station:
we have determined how the station performance varies
with both altitude and azimuth through extended moni-
toring of 11 pulsars as they cross the local sky. We have
obtained S/N values, i.e. effectively Ae�=Tsys values, as
a function of elevation and azimuth. The sensitivity is
given by the combined effect of the gain of the telescope
and the multi-component noise.
Therefore, we investigate the expected station response

as a function of the horizontal coordinates according to
the beam model implemented in DreamBeam. With this
we evaluate the elements of the Jones matrices (intro-
duced in Sect. 2.3), used in the RIME formalism. Here
we present the modeled responses of the X and Y polar-
isation components, and the combined response adding
these components, for IE613. We note that this gives us
a measure of Ae� , which trace the element beam pattern,
rather than Ae�=Tsys. However we note that, except near
the horizon where spillover and beam distortion can be
important, the Tsys factor is more or less constant for the
majority of the trajectory of each source.
To generate the Jones matrices, the input parameters

include the pointing direction (the pulsar RA and Dec;
here we use the coordinates of PSR B1508+55), the sta-
tion ID (defining its location and orientation), the ob-

Fig. 8.— The expected response of the X and Y components
of mII, obtained from the Jones coefficients generated through
DreamBeam. The solid gray line represents the total power for equal
weighting of X and Y, showing a highly symmetric response. Pur-
ple solid and dashed lines are the single channel components (mean-
ing power in the X polarization channel and Y-polarization chan-
nel). The dotted orange line shows the combined Stokes I response.
A representative unequal weighting is shown in dotted orange.

serving band (in this case the HBA band) and the fre-
quency at which to do the calculation (150 MHz is shown
here). We evaluate these elements at 1-hour intervals
over a period of 24 hours. Fig. 8 shows the single-channel
components (purple solid and dashed lines) and the total
power output of the antennas: mII = XX� +Y Y � where
X = JxxJ

�
xx + JxyJ

�
xy and Y = JyxJ

�
yx + JyyJ

�
yy. The

X and Y responses are such that when combined with
equal weighting, the antenna pattern is symmetric, as
is the resulting beam response in azimuth. While some
small degree of asymmetry is expected due to some pro-
jection and beam-shape related effects, the magnitude
of this asymmetry is expected to be small and cannot
account for the hysteresis-like pattern as in Fig. 11 in
Appendix A.
Fig. 9 illustrates how the dipole response varies as a

function of the source declination at a given observing
site (IE613 in this case). Here we simulate the response
of the antennas considering targets with the same right
ascension but spread at 1 deg in declination. The sim-
ulation traces the targets in their rising/setting tracks
over IE613. As an example, we report the simulated an-
tenna gains of DEC = 10� (left panel) and DEC = 65�

(right panel). The plots show the X and Y channel re-
sponses as given by DreamBeam, so displaying the Jones
factors. For all ‘high declination’ targets (DEC � 50�),
the Y (X) component results higher on the rising (set-
ting) part of it, similar to the right panel. For targets at
smaller declinations, the X (Y) component results higher
on the rising (setting) part of the tracks. However, as the
declination angle approaches and crosses DEC = +37�

(above which sources are circumpolar at Birr), the chan-
nel response becomes more complex and the two con-
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Fig. 9.— Modelled response through DreamBeam showing the variation in time. The response with respect to elevation is displayed in the
inset panels. The simulation is based on observations at the IE613 station of a target with DEC = 10� (left panel) and DEC = 65� (right
panel). The Jones factors shown here are generated at 150 MHz. A Jones factor equal to 0 indicates that the target is situated below the
horizon.

tributions are no longer clearly separated on the rising
and setting parts of the track. An analogous trend has
been observed when simulating the Jones elements and
hence the beam patterns for the Swedish station, where
the critical declination for circumpolar sources is defined
at DEC = +33�. This behaviour reflects the relative an-
tenna orientation across different stations. The dipoles
are all aligned to the local north at the reference station,
CS002 in Exloo (The Netherlands). It means that the
dipoles are rotated by a given angle within the station to
align to CS002. The East-West distribution of LOFAR
stations across Europe isn’t large enough to observe a
+90� rotation of the dipoles with respect from one end
to the other.
If such a rotation were achieved, the X and Y responses
would at some point swap, with the X (Y) component
being higher on the rising (setting) part of the source
trajectory.
Given Eq. 1, the azimuthal asymmetry observed in

our pulsar sample (see Fig. 11) can be attributed to
two distinctive factors. One factor is the beam model,
where this asymmetry can be explained by an imbal-
anced weighting of the X and Y polarisation components,
thereby affecting Ae� . If so, the origin of this effect re-
mains unclear: as this behaviour is seen across IE613,
SE607 and PL612 it may be systematic and so be the
case in all international stations, so that individual local
explanations do not suffice.
The asymmetry is likely to be due to some standard

configuration that is uniform across all stations. To
choose one example: it could be related to the fact that
the X-port for all LOFAR HBAs is also used for power
supply to the low-noise amplifier (Virtanen 2012). Fig. 8
provides an example of an asymmetric weighting, with
a ratio of 0.5:1.0, i.e. (aX + Y )=(a + 1), with a = 0:5.
In addition to this Ae� weighting, the second contribu-
tion comes from the system temperature. Tsys can vary
in both the sky noise and the antenna (instrumental)
noise components; the spillover term, which includes the
ground-noise contribution, can also play a role in the ob-
served response. Two test observations were performed
at the SE607 station, each at a fixed EL = 60� but ei-
ther 15� ahead or behind of the local Southern meridian

Fig. 10.— Test observations at 140 MHz from the SE607 station
to evaluate the sky noise variation. Two 24-hours pointings were
performed, each at EL = 60�, and either 15� ahead or behind of
the local Southern meridian in azimuth. The blue (orange) curve
is shifted +1hour (-1hour) in LST. In this way, the observations
lines up along the time axis, showing how the response varies on
the sky but on opposite sides of southern meridian.

in azimuth which corresponds to a variation of +1h and
-1h in Local Sidereal Time (LST). The pointing direc-
tion is fixed at the two selected positions, while the sky
drifted through the beam due to Earth’s rotation. The
noise component can then be measured. This shows a
non-flat noise spectrum with respect to LST as shown in
Figure 10. This can result in either higher or lower noise
levels, and therefore S/N, depending on the observing
time. Furthermore, as reported by Creaner and Carozzi
(2019), the presence of bright sources in the sidelobes
affects the overall performance (which can be degraded
further by improper beam modelling as in the case of
malfunctioning antennas, see Brackenhoff et al. 2025),
not only in azimuth but across different frequencies. A
plausible explanation is that the asymmetric response
arise from a combined effect of (a�X+b�Y)=Tsys, where
the a and b factors account for differences in the contri-
butions from the two channels and Tsys embeds the noise
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factors from the sky and the antennas.

6. CONCLUSIONS

In this paper, we presented the first comprehensive
analysis of the sensitivity of the HBAs of an international
LOFAR station. The sensitivity of a radio telescope can
be parametrized by determining the S/N of strong radio
sources.

• We use a sample of 11 bright, well known, pulsars,
regularly distributed at equally spaced sky declina-
tions. They were monitored for several hours using
the IE613 station, using the HBA in the frequency
range 110 � 190 MHz. The integrated pulse pro-
files were cleaned in time and frequency and the
S/N retrieved through pdmp.

• The response of the IE613 station displayed in Fig.
4, Fig. 5 and 6 shows a clear pattern in altitude
and azimuth: over the entire bandwidth, improved
S/N values are obtained near the zenith, but along
the track the rising side has an overall better re-
sponse than the setting one, with a discrepancy
that reaches 45%.

• Other LOFAR stations were employed to in-
vestigate the single-station response pattern:
dedicated observations were performed at
SE607 for PSR B0329+54, while observations
of PSR B0329+54 and PSR B1508+55 at PL612
from Błaszkiewicz et al. (2018) were used for
comparison. The same azimuthal asymmetric and
elevation-dependent pattern was observed at these
stations.

• The Hamaker beam model and the Jones elements
were evaluated to assess the hysteresis pattern and
what may cause it. The observed asymmetry in
azimuth is more than one can explain/model from
this. Possible improper weighting of the X and
Y components could explain such a discrepancy
in S/N values. Noise levels can vary due to con-
tamination of bright sources in the sidelobes which
could be at the level observed, but would not have
the observed azimuth dependence.

• In the absence of a ‘fix’ for the asymmetry, from
a telescope operations point of view and in consid-
ering observing efficiencies with international LO-
FAR stations it then makes sense to observe sources
as they rise, rather than when they set. With sen-
sitivity that is tens of percent better on the ‘early’
side, and the slow scaling of S/N with observing
time, i.e. /

p
Tobs, the relative time savings can

be significant.

This study highlights that the capability of a radio
telescope such as LOFAR strongly depends on the sta-
tion beam model (which is narrower at the zenith), the
geometrical projection of the collecting area (which is
maximum at the zenith and diminishes as the point-
ing direction approaches the horizon), the frequency of
the observation and the system noise (the radio sky is
‘louder’ at lower frequencies). These effects can bias the

data interpretation, as for flux estimation and, on larger
scale, spectral-index measurements.
Investigating the sensitivity of LOFAR international

stations, and identifying issues at the levels of tens of
percent in response variation, leads us to consider the
broader question of the response of upcoming and fu-
ture low-frequency aperture-array telescopes, like the
upgraded LOFAR2.0 and SKA-Low (ASTRON 2023).
These systems will work in tandem throughout the 2030s
and beyond, LOFAR 2.0 in the North and SKA-Low in
the South. SKA-Low will have better sensitivity, LOFAR
2.0 will have better angular resolution (Morabito et al.
2025). For such complex systems it can be quite a chal-
lenge to get everything working together — we suggest
tests such as we have presented here as ideal for early
stage validation of these new systems. These can be per-
formed even when the entire system is far from complete,
e.g. in the case of SKA-Low as early as the second array
assembly planned for early 2027.
SKA-Low telescope will soon be operating in the fre-

quency range [50 � 350] MHz. With 131; 072 dual-
polarised antennas, in form of log-periodic dipoles,
spread over 512 stations, it will be the largest tied-array
interferometer ever built and will bring unprecedented
sensitivity over the 300 MHz available bandwidth, over
two orders of magnitudes higher than the current of-
fered by LOFAR. As an aperture array, it’s capability
depends on frequency and pointing direction, as well as
LST, with the sky noise being a major contributor to the
antenna temperature (Sokolowski et al. 2022). Given the
orthogonal configuration of the dipoles, the two polariza-
tion channels will inevitably display different responses.
However, ‘parallel transport aligned linear dipole’ sta-
tions (e.g. LOFAR LBA) are not equivalent to stations
with digitally beam-formed aligned dipoles (e.g. SKA-
Low). In the latter, antennas are physically randomly
orientated and aligned digitally. This approach mitigates
the systematic polarization errors and improves calibra-
tion performance. Examining how the response of the
antennas varies in frequency and pointing direction, ad-
dressing beam model errors and station-to-station vari-
ations, would reveal possible direction-dependent gain
fluctuations. Unmodelled sky noise fluctuations and spa-
tial beam errors will additionally constitute a source
for instrumental-driven impurities in the signal, affect-
ing high precision studies (as for pulsar timing e.g. van
der Wateren et al. 2023), precise polarimetry and tran-
sient searches. This work highlights a potential limita-
tion in radio interferometric measurements of aperture
arrays with fixed dipoles. Similar tests could serve as a
valuable diagnostic tool for identifying instrumental limi-
tations and guiding future calibration improvements. In-
deed, tests using pulsar observations as the one presented
in this manuscript will raise potential issues and guide
further investigation on their causes.
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APPENDIX

APPENDIX A: PLOT OF S/N FOR ALL PULSARS IN THE SAMPLE FOR I-LOFAR STATION

Fig. 11.— S/N vs elevation in semi-log scale. Each pulsar is shown in a single subplot, with the S/N on the y-axis (log scale) and the
elevation on the x-axis. For each subplot, the points represent the S/N of the RFI-cleaned integrated pulse profiles over 1-hour and for the
full frequency range (reduced to 112 � 190 MHz) and colour-coded by azimuth.
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APPENDIX B: RETRIEVED S/N FROM POST-PROCESSED DATA

TABLE 3
Summary of the pulsars data, with pulsar name in B1950 coordinate system (1), elevation in degrees (2), azimuth in

degrees (3) and relative S/N (4).

PSR EL[deg] Az [deg] S/N PSR EL[deg] Az [deg] S/N

B0149-16 5.8 127.7 31.65 J2145-0750 16.0 128.0 64.88
12.3 140.7 70.72 22.4 142.3 91.88
17.1 154.8 104.36 26.9 157.9 119.01
19.9 169.7 122.87 29.1 174.7 141.83
20.3 185.1 98.69 28.6 191.7 152.73

25.5 208.1 103.11
20.2 223.2 51.67

B0950+08 0.9 78.2 5.76 B1133+16 6.0 71.7 75.37
9.9 90.1 108.6 14.8 83.4 422.91
18.8 102.4 231.56 23.8 95.4 780.77
27.4 115.8 332.15 32.6 108.5 1186.82
34.9 130.8 423.62 40.8 123.5 1501.34
40.8 148.2 698.26 47.4 141.5 1655.78
44.2 167.9 545.52 51.6 162.9 1908.43
44.4 188.8 566.95 52.5 186.5 1859.24
41.5 208.8 514.41 49.7 209.2 1636.96
36.0 226.6 414.37 44.0 228.8 1158.49
28.7 242.0 225.77 36.4 245.0 759.18
20.2 255.5 141.32 27.9 258.8 520.48
11.3 268.0 57.54 18.9 271.2 202.6

9.9 283.0 49.31

B2016+28 37.0 90.0 620.98 B1946+35 64.5 122.2 31.73
46.1 103.2 765.1 70.8 150.2 42.64
54.6 119.5 976.29 72.5 189.3 40.69
61.6 141.4 1050.33 68.3 224.1 33.62
65.4 170.5 1123.55 60.9 247.0 30.26
64.4 202.4 1040.82 52.2 262.6 27.14
59.0 228.5 987.08
51.2 247.8 705.86
42.4 262.5 556.84
33.2 274.9 411.66

B2217+47 44.3 64.5 2463.55 B0329+54 18.3 352.0 1064.59
52.7 72.8 3679.18 17.8 1.1 909.71
61.5 81.8 4252.43 18.7 10.2 1098.25
70.5 92.9 4445.3 20.9 19.1 1354.55
79.3 112.3 4934.48 24.5 27.7 1851.15
84.9 181.7 4951.83 29.3 35.8 2682.65
79.1 248.6 4422.61 35.0 43.5 3220.97
70.3 267.5 4235.88 46.5 55.2 4470.41
61.3 278.5 3836.63 54.1 61.5 4878.0
52.5 287.4 2960.56 67.9 70.6 7321.95
44.1 295.7 2458.77 76.5 74.2 8131.03
36.2 304.0 1648.85 85.2 67.9 8078.47
29.2 312.5 1155.39 85.4 293.0 7920.51
23.0 321.3 837.84 76.8 285.8 7525.16
17.9 330.5 568.9 68.2 289.2 6487.54

59.8 294.4 6423.67
45.5 305.7 4665.34
31.3 321.3 2399.57
26.1 329.3 1924.03
22.1 337.8 1494.13
19.3 346.6 1074.96
17.9 355.6 959.58
17.9 4.7 935.37
19.4 13.8 1185.88
22.2 22.5 1795.75
26.3 31.0 2114.08
31.5 38.9 2895.92
37.6 46.4 3149.01
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PSR EL[deg] Az [deg] S/N PSR EL[deg] Az [deg] S/N

B1508+55 49.0 303.9 1740.06 B2224+65 72.6 325.7 142.74
41.8 310.4 1420.48 66.9 318.4 137.99
35.3 317.5 1113.33 60.8 316.8 135.85
29.7 325.0 921.71 54.7 318.3 125.04
25.0 333.1 698.53 48.9 321.5 101.18
21.5 341.5 520.63 43.5 326.0 91.28
19.3 350.3 428.08 38.8 331.3 77.73
18.5 359.3 438.25 34.9 337.3 71.94
19.1 8.3 566.95 31.9 343.7 61.91
21.1 17.1 700.43 29.8 350.5 60.71
24.4 25.6 903.36 28.9 357.5 58.09
28.9 33.7 1150.42 29.0 4.5 59.62
34.4 41.4 1563.72 30.3 11.5 62.13
40.8 48.5 1942.81 32.6 18.2 78.0
47.9 55.1 2352.13 35.9 24.5 86.96
55.5 61.1 3043.62 40.1 30.3 99.61
63.6 66.4 3718.18 45.0 35.4 107.09
72.0 70.2 3937.6 50.5 39.5 130.07
80.5 69.4 4231.42 56.4 42.4 148.7
87.6 9.4 4048.59 62.6 43.1 158.36
81.3 291.3 3692.11 68.6 40.3 167.0
72.8 289.6 3615.52 74.0 30.4 170.82
64.4 293.2 3002.11 77.1 9.0 182.27
56.2 298.4 2460.05 76.4 342.0 124.82

B0809+74 38.6 8.4 872.57
40.3 13.1 1486.67
42.7 17.5 1419.41
45.7 21.2 1139.42
49.2 24.2 1475.66
53.0 26.1 1799.94
57.0 26.5 1402.05
61.0 25.0 1269.14
64.6 20.8 1421.0
67.3 13.5 1159.27
68.6 3.3 1137.84
68.3 352.4 1343.63
66.3 343.2 1753.17
63.2 337.2 1464.58
59.5 334.1 1237.26
55.5 333.4 931.94
51.5 334.5 743.26
47.7 336.9 720.95
44.4 340.2 551.27
41.7 344.2 478.06
39.5 348.7 484.47
38.1 353.6 591.25
37.5 358.6 680.58
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