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Abstract
Phased-array radio interferometers with fixed antennas are a highly scalable design which can achieve

a large gain. However they are complex systems and challenging to calibrate. Here we examine the
response of an International LOFAR Station using long-track observations of an array of flux-stable
pulsars. The analyses are relevant for other arrays like the under-construction SKA-Low. In this paper,
we investigate the performance of the high-band antennas of the Irish LOFAR station using long-track
observations of bright pulsars. In modelling our measured responses, we account for projection effects,
the frequency-dependence of the aperture efficiency and pulsar spectra, as well as sky and instrumental
noise contributions. We perform full-track observations of 11 pulsars as they move across the sky.
We perform RFI mitigation and determine the signal-to-noise ratio response as a function of time
and evaluate the elevation and azimuth dependence. We use the DreamBeam software to model the
beam response of the station to compare with what is observed. The sensitivity map so obtained was
validated using observations of PSR B0329+54 on the Swedish LOFAR station. We observe the best
response for pointings close to the zenith, as expected, implying an improved sensitivity at higher
elevation. However, an asymmetry with respect to the zenith point is detected. Characterising the
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instrumental response in azimuth reveals a better performance as the targets rise, as compared to
when they set. This is the case for all pulsars in the sample used for the Irish station and is also
seen with the Swedish station; it also agrees with previously reported results from the Bałdy LOFAR
station in Poland. The magnitude of the effect can exceed 20%. We consider variations in the beam
model and noise level, both frequency- and time- dependent, to try to account for this. A possible
explanation for the hysteresis-like response in elevation could be an imbalanced signal weighting of the
polarisation components. This work highlights the variation in altitude and azimuth of the response
of an international LOFAR station using pulsar observations, highlighting an asymmetric response.
This work addresses the importance of accurate beam modelling and noise evaluation for the LOFAR
2.0 system upgrade as well as being relevant to the under-construction SKA-Low facility.
Subject headings: radio astronomy, data analysis, pulsars

1. INTRODUCTION

The LOw Frequency ARray (LOFAR, van Haarlem
et al. 2013) is a hierarchical radio telescope array with
frequency coverage of 10 to 240 MHz; the antennas are
fixed on the ground and grouped into sub-arrays termed
‘stations’, which are distributed across Europe. At any
one time, one of two different instruments can be used,
depending on the desired frequency range. The Low
Band Antennas (LBA) are droopy dipoles and operate
at frequencies from 10 to 90 MHz, where the antenna
elements consist of two inverted V-shaped dipoles. The
High Band Antenna (HBA) tiles are used at higher fre-
quencies ranging from 110 to 240 MHz. Each tile consists
of 16 HBAs, where each of these consists of two orthog-
onal bow-tie dipoles. The response of a LOFAR station
is complex and depends on a number of factors, such as
the effective collecting area, the beam-forming algorithm,
contamination due to radio frequency interference (RFI)
and instrumental noise (e.g. Kondratiev et al. 2016). Ad-
ditional complexity arises from the much larger field of
view (FoV) at LOFAR frequencies, which exceeds the
scale of spatial variations in the sky temperature and typ-
ically encompasses bright sources of astrophysical and/or
terrestrial origin (Carozzi and Woan 2009).

LOFAR can operate stations across Europe as a wide
interferometric array (Shimwell et al. 2019), but also in
single station stand-alone mode. With this paper, we
address the lack of a well characterized response of an
international LOFAR station.

Despite its powerful capabilities and large FoV, sub-
stantial effort has gone into developing a calibration pro-
cedure to correct distortions in the received signal (e.g.
Brackenhoff et al. (2025); de Gasperin et al. (2019);
Corstanje et al. (2016); Kondratiev et al. (2016)). In
particular, observations below an elevation of ∼ 30◦

are highly discouraged, as the sensitivity drops signif-
icantly due to the reduced gain of the dipoles and re-
duced phased-array effective collecting area projected on
the sky (van Haarlem et al. 2013). Given the elevation-
dependent sensitivity and the complexity of the beam
modelling and calibration, understanding the station re-
sponse would be advantageous for a number of reasons.
First of all, improved beam modelling, together with
direction-dependent and direction-independent antenna
gains, and reliable calibration solutions would lead in-
evitably to accurate flux density measurements and re-
duced polarisation leakage (see e.g. Asad et al. (2015)).
Secondly, from an operational point of view, the evalu-
ation of the response of a LOFAR station would enable

more effective observation scheduling, hence an efficient
use of the telescope’s resources and increased scientific
output.

In this paper we use the Irish LOFAR station to char-
acterize the response of the HBAs using long-track obser-
vations of 11 bright pulsars, for a total of 170 observing
hours. We model our observations using the Radio Inter-
ferometer Measurement Equation (RIME) formalism as
in Smirnov (2011a); Carozzi (2016). Pulsars are rapidly
rotating and strongly magnetized neutron stars (Gold
1968). Powered by their rotational energy, their emis-
sion in the radio band is detected in the form of pulses
(Kramer 2005). Most pulsars are seen to have stable flux
densities (Jankowski et al. 2018); we use a sample at suffi-
cient distance to be unaffected by propagation effects like
interstellar scintillation (Wu et al. 2022). In this work
the pulses are coherently folded on top of one another to
form a stable high signal-to-noise ratio time-integrated
pulse profile (Lorimer and Kramer 2004).

In Sect. 2, we describe the contributing factors to the
instrumental response of a LOFAR HBA station and de-
scribe the parameters of the Irish LOFAR station. In
Sect. 3 we explain the observing targets and describe
the data acquisition and subsequent processing methods.
We compare our results with those obtained using the
Polish station (PL612) in Błaszkiewicz et al. (2018) for
two pulsars (PSRs B0329+54 and B1508+55) observed
from both sites. Observations of PSR B0329+54 were
also taken with the HBA station at the Swedish LO-
FAR site (SE607) and are presented alongside the Irish
station results. In Sect. 4 we present the results of our
analyses and methods at determining a self-consistent
station response. We then highlight the key results of
this study in Sect. 5, along with operational recommen-
dations (Sect. 6) for calbrating SKA-Low (Braun et al.
2015), which is currently under construction.

2. THE IRISH LOFAR STATION

The Irish LOFAR station (I-LOFAR; hereafter IE613)
is one of the 14 international stations of the LOFAR tele-
scope, located at the Rosse Observatory in Birr, Co. Of-
faly, Ireland. It is made up of 96 dual-polarisation LBAs
operating in the frequency range 10 − 90 MHz and 96
HBA tiles operating in the range 110− 240 MHz.

The HBA array is the focus of this work, its orientation
on the ground is shown in the left-hand panel of Fig. 1.
Made of 96 tiles, 5m× 5m in size, for a total of 1536× 2
bow-tie antennas, the array has a diameter of 56.5m.
The HBA layout is designed specifically to increase the
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Fig. 1.— From left to right: the layout of IE613, SE607, PL612 HBAs (the rotation of the array is 11.90◦ from local north (IE613),
4.26◦ (SE607) and 10.98◦(PL612).

gain of a single antenna and consequently to maximize
the effective collecting area of the station, up to 2400 m2

at 120 MHz. The dipoles are arranged close enough to
suppress grating lobes, but spaced enough to allow for a
sufficiently narrow beam for the entire station. For the
purpose of the work that follows, we next summarize how
the signal is acquired and processed by the IE613 HBA
station (Sect. 2.1) and how the single station sensitivity
is derived (Sect. 2.2).

2.1. Station Beamforming
Several different operating modes are available for ob-

servations with a LOFAR telescope. The beam-formed
mode allows for the recording of a time-series dynamic
spectra data product. The beamforming refers to the co-
herent addition of antenna signals with appropriate time
and phase delays in order to point at a specific location in
the sky (Stappers et al. 2011). For the HBAs there are
two beamforming steps. An initial analogue beamform-
ing takes place at the tile level, combining each group of
16 elements. Next the analogue Radio Frequency (RF)
signals are transferred via coaxial cables to a Receiver
Unit (RCU), where the data streams are amplified and
digitally sampled by a 12-bit A/D (analogue to digital)
converter. The clock operates at 200 MHz; there is also
a 160 MHz option but this is infrequently used, does not
apply to any of the data considered in this paper and
is being deprecated in the LOFAR2.0 upgrade. In this
work we Nyquist sample the 100− 200 MHz band. The
digitized signal is fed to the Remote Station Processing
(RSP) boards. This 100-MHz wideband input signal is
divided into 512 sub-bands by a polyphase filter resulting
in complex data with a 195.3125 kHz subband width. A
FIFO buffer compensates for differences in signal delays
in the coaxial cables; this is termed the coarse delay. The
next step of the RSP is combining and phase-rotating the
signal, correcting for fine delays for each individual tile
to form the station beam. Beamforming is performed
independently for each sub-band and the products are
called beamlets. It is possible to point each beamlet in a
different location on the sky. The sampled values can be
stored at either 16- or 8-bit depth, resulting in 244 or 488
beamlets due to hardware constraints. For this work, we
point all beamlets at the same location so as to have ef-
fectively one beam with the widest possible bandwidth.

Given that the loss in RFI discrimination performance
is negligible and the 8-bit recording mode allows for a
wider bandwidth, we record using 8-bit mode. One can
then choose any 488 beamlets from the 512 that span
the 100− 200 MHz band. In practice the lowest frequen-
cies, in the FM band (which covers 87.5-108 MHz range,
Offringa et al. (2013)), are omitted (see Sect. 3 for data
cleaning approach). An example of the signal power for
the X and Y polarisation channels, averaged over all an-
tenna, including all 512 sub-bands and integrated over 1
second, is shown in Fig. 2. The narrowband spikes rep-
resents the RFI contamination, clearly affecting the data
quality at the beginning of the band.

Fig. 2.— Example of antenna spectra generated as part of the
diagnostics and monitoring procedures each time an observation is
scheduled. The plot is generated with 1s integration of data and
varies with date and time (06 : 01 UTC on 14 February 2025 the
one shown here). The X and Y polarisation responses shown are
the averaged ones over all antennas.

2.2. Single station sensitivity
The sensitivity of a telescope such as LOFAR can be

described using the radiometer equation (Dicke 1946;
Vivekanand et al. 1982; Lorimer and Kramer 2004). The
mean flux density Smean, i.e. the integrated intensity of a
pulse profile averaged over the whole pulse period, can be
used to express the S/N of the folded pulse as (Lorimer
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and Kramer 2004):

SNR =
GSmean

√
npτ∆ν

Tsys

√
P −W

W
, (1)

where G is the telescope ‘gain’ or directivity (G =
4π2Aeff/λ

2 for a single bow-tie antenna, with Aeff the ef-
fective collecting area), np is the number of polarizations,
τ is the integration time, ∆ν the frequency bandwidth,
W the pulsar profile width, P the pulsar period and Tsys

is the system noise temperature.
The Aeff , in m2, of a single HBA dipole is mod-

elled (van Haarlem et al. 2013) as:

Adipole
eff (λ) = min

{
λ2

3
,
25

16

}
= min

{
λ2

3
, 1.5625

}
, (2)

with λ being the observing wavelength, expressed in me-
ters. The effective area cannot exceed the physical area,
hence the (5× 5)/16 = 1.5625 m2 limit. In this case, the
gain is 4.2, or 6.2 dBi. The effective area for an array
of N = 96× 16 antennas is then modelled (van Haarlem
et al. 2013) simply as:

Amax
eff (λ) = N ∗Adipole

eff (λ) (3)

although in reality there are known couplings between
antennas which modify the situation and are not well
quantified. Aeff can be represented via the Mueller ma-
trix formalism1, as the product of maximum effective col-
lecting area Amax

eff (frequency dependent) and the Mueller
elements mII (see Sect. 2.3):

Aeff = mIIA
max
eff . (4)

The system noise temperature characterizes the com-
bined noise contributions from the telescope itself and the
sky (Condon and Ransom 2015). It comprises many fac-
tors, such as the receiver noise temperature, the spillover
radiation from the ground and the contaminating sky
emission, whereas the noise associated with the atmo-
sphere is negligible at LOFAR frequencies. It can be
summarized as:

Tsys = Tant + Tsky , (5)

with Tant being the antenna temperature, which repre-
sents the instrumental noise in the absence of any inci-
dent sky signal, and Tsky is the sky brightness tempera-
ture, dominated by radio emission from the Galaxy and
modelled as Tsky = TS0λ

−α (van Haarlem et al. 2013),
where α = 2.55 (Lawson et al. 1987). The sky temper-
ature also includes a 2.725 K contribution for the CMB
emission, but negligible too.

PyGDSM interface can be employed to estimate the
sky background noise (Price 2021). It incorporates
different electron density models, as Haslam (Haslam
et al. 1982), GSM2008 (de Oliveira-Costa et al. 2008),
GSM2016 (Zheng et al. 2017) and LFSS (Dowell et al.
2017), which all consider the diffuse Galactic emission
derived from different sky surveys at radio frequencies,

1 The Mueller matrix is a 4x4 matrix, relating the measured
Stokes vector to the intrinsic one of the incident radiation. Derived
from a combination of the Jones 2x2 matrix elements (Smirnov
2011b).

along with different map fitting methods and model com-
ponents. The spectral index of the fitted power law,
α, varies with frequency (since the beam shape be-
comes wider at lower frequencies, different regions of
the diffuse Galactic emission will affect differently the
beam-averaged spectral index), sky region and sidereal
time. For this work, antenna gain response is accounted
for, and the antenna beam is computed via DreamBeam
software as Jones correction factors (see Sect. 2.3 and
Sect. 5).

Accordingly, the sensitivity of a single LOFAR station
depends on the source coordinates in the sky and on the
observing frequency; the latter effects the effective area
but also the beam shape. These factors combine to im-
pact the instrumental sensitivity, leading to significant
degradation below ∼ 30◦. The dependence of Aeff alone
on elevation-driven sensitivity variations due to projec-
tion effects can be approximated by a cosine-squared re-
lationship, with the effective collecting area decreasing
as ∼ cos2(ZA), where ZA is the zenith separation (see
Malus’s law e.g. Hecht (2017)). However the full re-
sponse of individual LOFAR stations is more complex
and it has been studied in several previous works (Nout-
sos et al. 2015; Kondratiev et al. 2016; Błaszkiewicz et al.
2018). Noutsos et al. (2015) used pulse profiles from
four bright pulsars, to demonstrate that the sensitivity
of LOFAR’s 24-core stations, as a function of elevation,
decreases as cos−1.39(ZA). This study showed that the
sensitivity of the LOFAR core array is more than 50%
greater than the case of uncalibrated data (i.e. without
correction for direction-dependent effects), where the rms
noise would decline as sin−2(el). A comparable study in-
volving only one station was conducted using the PL612
HBA antennas in Poland: Błaszkiewicz et al. (2018) fit
the rms noise of their observations and found that it
is best fit by the function 0.1/cos5(ZA), while noting a
practical minimum elevation of 25 degrees.

Effects at antenna level will affect the station beam,
which adds to the complex modelling of the spectral,
temporal and spatial variation of the beam itself. Sources
outside the main lobe can cause a defect in the calibration
solutions and the presence of damaged antennas modify
the overall tile (and station) beam. At any given time a
non-zero number of the 96× 16× 2 = 3072 antennas are
typically malfunctioning/not operational, meaning vari-
ous non-uniform weightings must be accounted for. For
example, Brackenhoff et al. (2025) developed a python
package to simulate the effects of malfunctioning anten-
nas in HBA tiles: when at least 9% of a HBA tile is down,
the beam shape is perturbed and the errors propagate to
the combined station beam. The effect is mainly seen in
the region of ‘beam-nulls’ and sidelobes, where the differ-
ent beam pattern could lead to a non-negligible contam-
ination from A-Team sources (i.e. highest flux density in
the northern sky) to the primary beam.

2.3. DreamBeam
Modelling the station beam constitutes a major step

in the signal processing pipeline. Formally, in the case
of a phased-array telescope, a virtual antenna is gen-
erated by the implementation of a phase delay for the
signal coming to the different elements. In doing so, a
station beam is formed. The station beam is encoded as
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a factor in the calibration procedure, usually computed
via electromagnetic simulations and tested through dedi-
cated observational measurements (e.g. Mol and Romein
2011; Yatawatta 2012; van Haarlem et al. 2013). Cali-
bration procedure takes care of several systematic effects
acting on the electromagnetic waves from the source to
the output of the interferometer. Signal correction is
made through the implementation of the RIME, as an
extension of the fundamental van Cittert-Zernike theo-
rem (Carozzi and Woan 2009). The RIME formalism has
been revised multiple times (Sault et al. 1996; Nijboer
and Noordam 2007; Smirnov 2011a,b,c,d; Tasse et al.
2012; Price and Smirnov 2015; Mulrey et al. 2019; Cre-
aner and Carozzi 2019; Kansabanik et al. 2025).

When the electromagnetic signal arrives at the an-
tenna, it is converted into complex voltages (as described
above in Sect. 2.1). The relation between the incident
signal and the voltages as output of the interferometer
can be represented as a linear operation between vectors,
driven by a matrix J , the Jones matrix (derived from the
Jones calculus adopted for optical systems Jones (1941)).
In principle, the J-matrix accounts for both direction-
dependent and direction-independent effects, such as an-
tenna phase differences, Faraday rotation, parallactic an-
gle changes, feed responses and the complex gain factor of
the electronics (Hamaker et al. 1996). The J matrix is ex-
panded in a ‘Jones chain’ as defined in Smirnov (2011a).
The chain translates in a multiplication of several matri-
ces, each one represents an instrumental/environmental
effect. The order in the ‘chain’ follows the sequence of
the effects acting on the signal as it propagates from
the source to the observer. Using this mathematical
framework, the correction factors are antenna-, direction-
, time- and frequency-dependent. To evaluate the RIME
and associated Jones matrices for a given LOFAR sta-
tion, the DreamBeam software was developed. DreamBeam
is a versatile python-based pipeline, able to model the
telescope response and predict the beam pattern of a
LOFAR station (Carozzi 2016). DreamBeam provides the
output instrumental response, namely the Jones matrix
elements: JXX, JXY, JYX and JYY for input sky coor-
dinates and observing frequency. The correction factors
are: the so-called P matrix accounting for the projec-
tion from a celestial centred frame to the topocentric-
station-frame and the E matrix accounting for the an-
tenna polarization response. The beam model is based
on the formalism developed by Hamaker et al. (Hamaker
et al. 1996; Hamaker 2000, 2006). Using DreamBeam the
response of the single polarisation channel can be evalu-
ated as J2

XX + J2
XY for the X-channel and J2

YY + J2
YX for

the Y-channel (see Sect. 5 for further details).
From the Jones elements, the Mueller matrix factors,

introduced in Sect. 2.2, can be obtained as (Kondratiev
et al. 2016):

mII(f,ZA, az) =
1

2
(JXXJ

∗
XX+JXYJ

∗
XY+JYXJ

∗
YX+JYYJ

∗
YY),

(6)
with mII factors as function of frequency (f ), zenith
angle (ZA) and azimuth (az). Mueller matrices pre-
dict the time and frequency evolution of the effective
collecting area for a given pointing direction. Based
on the adopted beam model, it relates the measured
and the ‘true’/intrinsic Stokes vector of an observed

source. Hence, it represents a correction factor tracing
the changes in the station sensitivity.

The performance of DreamBeam was tested by Creaner
and Carozzi (2019). It was noted that apparent polar-
ization and flux density variations can result from misin-
terpretations of the intrinsic response of the antennas as
a source is tracked across the sky, varying in both alti-
tude and azimuth. By comparing observed data of Cas-
siopeia A (CasA) with simulated observations generated
at the same station, they reported non-negligible flux
density variations (with the discrepancy being more pro-
nounced in X-polarisation channel compared to the Y-
polarisation channel). These variations were found to be
dependent on 4 main parameters: frequency, time, alti-
tude/elevation and azimuth (Creaner and Carozzi 2019).

Fig. 3.— The folded pulse profile as intensity over pulse phase
is shown at the top, while the phase-frequency plot is shown at
the bottom, with frequency channels displayed on the y-axis. The
profile shown here is RFI-cleaned, hence some frequency channels
appear removed. As an example, we used the integrated pulse pro-
file of PSR B1508+55 for the 59 min-observation taken at 06 : 01
UTC on 14 February 2025, which corresponds to 87.6◦ in elevation.
The retrieved S/N is 4048.59, or more formally stated: 4049(1).
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TABLE 1
Summary of the main pulsar properties and track monitoring dates and times.

PSR RA(hh:mm:ss.s) DEC(dd:mm:ss) Start Time End Time DM (pc cm−3) DM uncertainty ( 10−4)
J2145-0750 21:45:50.45 -07:50:18.59 2024-12-05 14:00 2024-12-05 20:00 9.00441 0.6
B0149-16 01:52:10.85 -16:37:53.64 2025-01-31 14:00 2025-01-31 18:00 11.92707 3.3
B0950+08 09:53:09.31 +07:55:35.75 2024-10-03 03:01 2024-10-03 15:01 2.96898 1.0
B1133+16 11:36:03.12 +15:51:14.18 2024-11-19 01:30 2024-11-19 14:30 4.83998 1.2
B2016+28 20:18:03.83 +28:39:54.21 2024-11-04 13:31 2024-11-04 22:40 14.20164 0.5
B1946+35 19:48:25.01 +35:40:11.06 2024-11-22 06:30 2024-11-23 00:30 128.86797 197.1
B2217+47 22:19:48.14 +47:54:53.93 2024-10-03 17:01 2024-10-04 08:01 43.49760 0.8
B0329+54 03:32:59.41 +54:34:43.33 2024-01-09 08:00 2024-01-10 14:20 26.76745 2.4
B1508+55 15:09:25.63 +55:31:32.39 2025-02-13 11:01 2025-02-14 10:01 19.61884 0.6
B2224+65 22:25:52.86 +65:35:36.37 2025-01-21 16:30 2025-01-22 15:30 36.44574 5.3
B0809+74 08:14:59.50 +74:29:05.70 2025-02-04 13:30 2025-02-05 11:30 5.75073 2.8

3. DATA ACQUISITION AND DATA PROCESSING

A total of 11 pulsars were observed for this study (Ta-
ble 1). The targets are distributed in declination from
∼ -10◦ to +80◦. This range enables a broad characteri-
zation of the response of the instrument, both near the
zenith and closer to the horizon, where several effects be-
gin to degrade the S/N.
PSRs B2217+47, B0329+54, B1508+55, B2224+65 and
B0809+74 are circumpolar sources, i.e. their declination
is larger than (90 − ϕ) where ϕ is the station’s latitude
(ϕ = 53.09◦ for IE613). As such they never go below the
horizon at Birr. Using these pulsars, we are able to cover
full uninterrupted tracks. For lower declination pulsars
we simply cover as much of the above-horizon trajectory
of each source as possible, also given other operational
constraints at the Observatory. The source selection was
made based on each pulsar’s declination and flux density,
all the PSRs in the sample are well known bright pulsars
(see ATNF pulsar catalogue, Manchester et al. (2005)).
Each target was observed for several hours, in contigu-
ous 1-hour blocks (for operational reasons) consisting of
59 min on source with 1-min gaps. The observations
went across a sidereal day or two (see column (4) of Ta-
ble 1). The data were recorded with the HBAs in local
mode in the frequency range 110-190 MHz (from 12 to
499 subbands), which corresponds to RCU mode 5. The
observational parameters are reported in Table 2.
The data are processed on the REAL time Transient
Acquisition compute cluster (Murphy et al. 2021, RE-
ALTA). Once the raw voltages are collected, they are
reduced to 32-bit Sigproc Stokes I filterbanks (Lorimer
2011), using udpPacketmanager (McKenna et al.
2024). Coherent dedispersion is then applied in order
to correct for dispersion due to the interaction between
the incoming signal and free electrons in the ISM along
the line of sight, by means of the cdmt software (Bassa
et al. 2017). Subsequently, the filterbanks are carefully
downsampled to 8-bit Sigproc filterbanks using the digi-
fil tool (van Straten and Bailes 2011). Science-ready
data products are then produced in the form of archive
files generated by DSPSR (van Straten and Bailes 2011),
an open source C++ library for digital signal process-
ing. The final processed data have a time sampling of
81.92µs and frequency resolution of 24.4 kHz. Each 1-
hour pointing is folded separately using the timing solu-
tion obtained from the ATNF pulsar catalogue (Manch-
ester et al. 2005). In the post-processing phase, each
observation was cleaned of radio frequency interference
using a modified version of the CoastGuard software

package (see Lazarus et al. (2016), Kuenkel, in prep.2).
Starting from 3904 channels in frequency, a given number
(around a few percent for all pulsars) were masked per
observation. We used the methods outlined in Susarla
et al. (2025) to obtain the dispersion measures (DMs)
and subsequently dedisperse each folded archive with the
obtained DM. The values so-determined are listed in Ta-
ble 1. After updating the DM, we used the pdmp (Hotan
et al. 2004) tool to obtain the S/N, upon time and fre-
quency scrunching. For each pulsar the values of the
measured S/N at each sampled altitude and azimuth are
reported in Appendix B. A typical example of a cleaned
folded 1-h pulse profile for PSR B1508+55 is shown in
Fig. 3.

TABLE 2
Parameters of observational data.

Parameter IE613 stn SE607 stn
Duration 3600 s 3600 s
Lower Frequency 102.3 MHz 109.6 MHz
Central Frequency 149.9 MHz 149.7 MHz
Upper Frequency 197.5 MHz 189.9 MHz
#Frequency channels 3904 3296
Bandwidth 95.2 MHz 80.3 MHz
Channel width 24.4 kHz 24.4 kHz

4. RESULTS

Fig. 4 shows the retrieved S/Ns for all 11 pulsars as
a function of sky position. Each grey curve represents
a target track, with pointings colour-coded by S/N, nor-
malized to the maximum for each target. Through high-
precision DM measurements, the retrieved S/N values
range from several thousands down to below ten for
the very lowest altitudes (see Table 3 in Appendix B).
Quoted S/N values are obtained with the pdmp tool from
the psrchive software suite (Hotan et al. 2004). This
optimises the period and DM parameters to get the high-
est S/N value; we did not employ DM search techniques
of the kind commonly used in Fast Radio Burst (FRB)
studies which optimise for structure (CHIME/FRB Col-
laboration et al. 2024; Chawla et al. 2025). Some inter-
esting effects dominate the integrated pulse profile for
PSR B0809+74, where interstellar scintillation can be
seen from its dynamic spectra (for further details, see
previous observations as in Basu et al. 2023; Wu et al.
2022; Hassall et al. 2012; Rickett et al. 2000).
Hence, extra caution is advised when interpreting the
measured values for this pulsar (see last panel of Fig. 11

2 https://github.com/larskuenkel/iterative_cleaner

https://www.atnf.csiro.au/research/pulsar/psrcat
https://www2.physik.uni-bielefeld.de/fileadmin/user_upload/radio_astronomy/Publications/Masterarbeit_LarsKuenkel.pdf
https://github.com/larskuenkel/iterative_cleaner
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Fig. 4.— Synoptic plot of pulsar observations tracking their path as they cross the I-LOFAR sky. The colour-coded S/N is normalized to
the maximum S/N for each pulsar. Grey shadowed lines highlight the target path. PSR B0329+54 is shown with squared markers in order
to differentiate it from PSR B1508+55, because of the overlapping of the relative tracks, at the resolution shown. Note: each pointing lasts
1 hour; here the points are located at the first instant of each observation. Asymmetry in the S/N between the rising and setting sides of
the pulsar trajectories is visible by eye in this plot. ‘Stn N’ labels the North direction in the reference frame of the dipoles.

of Appendix A and Table 3) as there is clearly non-
negligible effects that are neither due to intrinsic pul-
sar properties of those of our instrumentation. For each
pulsar the best response is consistently reached near the
highest altitude, with overall higher values closer to the
zenith (i.e. the centre of the synoptic plot).

Plots of S/N versus elevation, colour-coded by az-
imuth, are displayed in Fig. 11 in Appendix A. The sen-
sitivity significantly drops at lower elevations, with a de-

crease of at least one order of magnitude compared to
higher elevations. We note that the decrease in S/N is
substantial for all the targets, corresponding to a reduc-
tion ranging from ∼ 70% and ∼ 90% between zenith
observation and lower elevations. When the tracks are
circumpolar (e.g. PSR B1508+55 or PSR B2224+65) a
pattern reminiscent of a hysteresis curve is clearly visible.
Especially for these objects, an overall better response is
achieved when the target is rising (lower azimuth) to-
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wards its upper culmination as opposed to when its ele-
vation is descending (i.e. higher azimuth).

Fig. 5.— S/N versus elevation in semi-log scale for PSR
B1508+55 and for the sliced observations of 15 minutes. The colour
bar refers to the azimuth coordinate. The solid black line repre-
sents the fitting with cos2(ZA).

Fig. 6.— S/N versus elevation in semi-log scale for PSR
B1508+55. Each curve represents a slice of ∼ 10 MHz in band-
width.

We next endeavoured to measure the variation of the
station performance in time and frequency at finer res-
olution. The shorter integration time might reveal vari-
ations in S/N, hidden otherwise in the 1-hour averages.
In this way, the elevation dependence of the antenna re-
sponse can be examined in greater detail. We first sliced

the observations in time, using PSR B1508+55 as a test.
We cut the observations in time by a factor of 4, result-
ing in 15-minute pointings. This reduces the S/N by a
factor of ∼ 2 but the signal is sufficiently strong that this
is not a serious issue in the case of PSR B1508+55 (and
a few others). The shorter time scales reveal the same
hysteresis-like pattern as previously highlighted, but with
the increased granularity we can see the maximum S/N
is reached closer to 90◦ compared to the longer point-
ings. We also see higher values of S/N for the rising part
of the curve (corresponding to smaller azimuths). The
result is shown in Fig. 5, where the S/N is plotted in
semi-logarithmic scale with the elevation on the x-axis.
In this plot, we also show the fit of the data points with
a cos2 function of the ZA; the station response is bet-
ter (worse) than this model while the source is rising
(setting). Using PSR B1508+55 again, we cut the ob-
servations in frequency. Each pointing is now sliced in
∼ 10-MHz sub-bands, comprised of 400 channels. We
use the same procedure for the post-processing, and we
retrieve the S/N, which is shown in Fig. 6. The measured
S/N display the same general trend observed for all pul-
sars with IE613. The measured S/N, in each sub-band,
preserve the same asymmetry in azimuth, with the rising
part of the track showing an overall better sensitivity of
the station. Additionally, for this pulsar the frequency
dependence shows that the best response is achieved for
the ∼ 129 − 139 MHz sub-band with central frequency
of 134.1 MHz. This is due to a combined effect of the
effective collecting area and the sky background noise:
S/N scales as Aeff/Tsys, where the Aeff falls off with ν2,
with ν the observing frequency, and Tsys increases as the
observing frequency decreases. Adding the fact that the
observed S/N is given by the convolution of the ratio
Aeff/Tsys and the intrinsic pulsar spectrum, this leads to
a peak in response around 135 MHz (Wijnholds and van
Cappellen 2011). For PSRs B0329+54 and B1508+55,
we compare the observed S/N from this study with the
S/N obtained by Błaszkiewicz et al. (2018). At PL612,
PSR B0329+54 was targeted for a total of 27 hours on
the 19–20 May 2017, while PSR B1508+55 was observed
for 10 hours on the 12-13th of May. We further observed
PSR B0329+54 with the SE607 station, using the HBAs.
The pulsar was targeted for 9 hours, across the upper cul-
mination point. The data were processed as described in
Sect. 3. In Fig. 7, we show the observed S/Ns for the
3 stations. PSR B0329+54 is an ideal target because
it is bright and circumpolar for all 3 observatories, al-
lowing its tracks to cover the full range of azimuth and
altitude. The plot suggests that the trend is preserved
for the same target and same frequency range of the ob-
servations. Overall, in each case the rising track displays
a higher S/N compared to the setting curve. The over-
all better performance achieved at IE613 in comparison
to SE607 can be explained by the wider bandwidth used
at IE613. For PL612 there is the additional deleteri-
ous effect that the data were not coherently dedispersed,
which leads a precarious drop in response by relative fac-
tor ∼ 100× as the source approaches the horizon.

A summary of our observations is that the response
of IE613 (and SE607 and PL612) is asymmetric in az-
imuth such that every pulsar we observe is seen more
significantly as it rises, rather than when it is setting.
This is true across the frequency band. The magnitude
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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 Aeff/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 Aeff , which trace the element beam pattern,
rather than Aeff/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 Aeff . 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 Aeff 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. ∝

√
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

This paper was built using the Open Journal of Astrophysics LATEX template. The OJA is a journal which provides
fast and easy peer review for new papers in the astro-ph section of the arXiv, making the reviewing process simpler
for authors and referees alike. Learn more at http://astro.theoj.org.

http://astro.theoj.org
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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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