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European	  Pulsar	  Timing	  Array	  (EPTA)

SRT, Sardinia, Italy

Lovell 76m, UKEffelsberg 100m, Germany NRT, Nancay, France

WSRT, Westerbork, NL

∑

LEAP

Large European Array for Pulsars
phase coherent summing 
“leap” in collecting area ~200m dish
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SRT, Sardinia, Italy

Lovell 76m, UK

Effelsberg 100m, DE

NRT, Nancay, France

WSRT, NL

  30-50 sources are monitored
  cadence - 7d(NRT), 10d (Lovell) and 30d
  30-60 min. per source
  good frequency coverage
  remove interstellar weatherEPTA Frequencies!
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From%mid(2013%

  check on systematic errors
  25yr baseline on many pulsars
  current best limit on GWB from EPTA data
  Major hardware upgrade is nearly complete

European	  Pulsar	  Timing	  Array	  (EPTA)
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SRT, Sardinia, Italy

Lovell 76m, UK NRT, Nancay, France

WSRT, Westerbork, NL

∑ LEAP
Large European Array for Pulsars

Effelsberg 100m, Germany

European	  Pulsar	  Timing	  Array	  (EPTA)
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Pulsars signals

Pulsar signals are
a product of radio emission along NS magnetic axis
extremely periodic - rivals atomic clocks
dispersed and scattered by propagation in ISM
wideband signals
display steep spectrum 
scintillates - intensity varies with time/frequency
... and they are weak

Image credit: Dany Page
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  Signals are dispersed by the ISM
higher frequencies travel faster ....

results in freq-dependent arrival time 

smearing depends on pulsar’s location 

If uncorrected, renders PSR undetectable

Dispersion
measure

sky
frequency

Pulsar	  signals	  -‐	  dispersion
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  Incoherent dedispersion 
detect signal & correct channel delays

limits time resolution

Pulsar	  signals	  -‐	  dedispersion
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  Coherent dedispersion
reverse ISM’s effect by convolution
need raw voltages - large data rate
computationally intensive
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PSR B1937+21

Incoherent
Coherent

 narrower profiles, higher S/N
 improved timing accuracy

  Incoherent dedispersion 
detect signal & correct channel delays

limits time resolution

Pulsar	  signals	  -‐	  dedispersion
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Eg. strong pulsar ~10 mJy@1400 MHz

Minimum detectable signal in a telescope

          Smin = Tsys/G�
nptint�f and G = Aeff

2·kB

➡ ideally Tsys➛ 2.7K
➡ large BW and telescope surface

1Jy = 10�26W · m�2 · Hz�1

Receiver -  feed with good illumination, low side lobes
Low noise amplifiers 

Pulsar	  signals	  -‐	  weak!
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CITLF4  

Cryogenic SiGe Low Noise Amplifier Ԣ⏽Ԣా䷇ᬒ఼ 
 
Features 
 
RF Frequency:     0.5 to 4  GHz 
Gain @ 20K:      36dB ± 3dB  
Noise temperature @ 20 K:    <7K at 1.4 GHz,  < 8K  0..5 to  4 GHz 
Noise figure @ 20 K:     < 0.12 dB  
Noise figure @ 300K     <1.5 dB  
IRL (-20log | S11 |)     > 15 dB at 1 GHz, > 7dB 0.5 to 4 GHz  
ORL (-20log | S22 |)     > 20 dB at 1 GHz, >9dB 0.5 to 4 GHz 
Operating temperature:    4.2 K- 320 K 
DC power @300K     1.5V, 12mA, 18mW 
DC power @ 20 K:     1.5V, 8.5mA, 13 mW 
Output power for 1 dB compression   -3 dBm 
Safe input power level    < 0 dBm 
 

 
 
 
 
 
 
 
 

 
 
 
Description 
 
The CITLF4 a SiGe low noise amplifier intended for extremely low noise cryogenic applications.   
The amplifier utilizes resistive feedback to achieve good input match (S11) and high gain stability.   
The amplifier is optimum for the frequency range  0.5 to 4 GHz but is useful to 6 GHz. 
 
It  is powered from a single positive DC supply  which is optimum at 1.5V  but can be reduced to 
as low as 1.2V for low power dissipation. Application of up to 6V wil not damage the amplifier. It is 
recommended that the power supply for the amplifier be current limited to 100mA.  A series 
resistor may be used. For example 360 ohms to a +5V supply will provide 1.5V, 9mA when the 
amplifier is at 20K.  
 
The amplifier includes a DC bias tee for an external device connected to the amplifier input.  The 
bias tee is formed by two 20K resistors connected to the input; one can be used as a source of 
current and one the sense the voltage across the external device.  Voltages applied to the bias 
tee have no effect on amplifier operation. 
 
The amplifier is 20.7mm x 15.9mm x 8.7mm excluding connectors  with input SMA at left and 
output  SMA at right as shown above. 
 
᳝ӏԩ䯂乬䇋㘨㋏Ёᥜᴗҷ⧚㒣䫔ଚ˖ 
࣫Ҁ亲ᮃ⾥⾥ᡔ᳝䰤݀ৌ 
⬉䆱˖010-82367826/62166302   Ӵⳳ˖010-62167967   Email: sales@physike.com 
 

Large BW feed horn
+

Low noise amplifier 
+

Large collecting area

Effelsberg	  system	  -‐	  overview
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RF Frequency ~0.4 to 4.0 GHz

Gain @20K 36dB ± 3 dB

Noise Temp. @20K  < 8K in 0.5-4GHz

Operating Temp. 4K - 320 K

1dB compression @ -3dBm

CITFL4 

Low noise amplifier
Design by S. Weinreb (CalTech)
SiGe, high-perf. bipolar transistors
2-stage design

Effelsberg	  system	  -‐	  overview
            

 CITLF4 
Cryogenic SiGe Low Noise Amplifier Ԣ⏽Ԣా䷇ᬒ఼ 

 
Typical Test Data 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

 
 

 
 

 
 
 

 
 

 
S11 and S21 vs Bias at 25K 

� � � � S11� � � S21� �

Vd� Id�
P�

mW� 1�GHz� 3�GHz� 5.5�GHz 1�GHz� 3�GHz� 5.5�GHz�

1.1� 1.7� 1.9� Ͳ7.5� Ͳ2.9 Ͳ5.4 22.4 18.9� 18.8�
1.2� 3.2� 3.8� �� �� �� �� �� ��
1.3� 5� 6.5� Ͳ23� Ͳ7.6 Ͳ8.8 33.5 31.3� 25.9�
1.5� 8.3� 12.5� Ͳ14.6� Ͳ11.5 Ͳ10.5 38 35.2� 28�
1.7� 11.8� 20.1� �� �� �� �� �� ��
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Typical  S Parameters at  25K 

Matched wideband low-noise amplifiers for radio astronomy
S. Weinreb, J. Bardin, H. Mani, and G. Jones
Department of Electrical Engineering, California Institute of Technology, Pasadena, California 91125, USA

!Received 18 January 2009; accepted 3 March 2009; published online 20 April 2009"

Two packaged low noise amplifiers for the 0.3–4 GHz frequency range are described. The amplifiers
can be operated at temperatures of 300–4 K and achieve noise temperatures in the 5 K range
!!0.1 dB noise figure" at 15 K physical temperature. One amplifier utilizes commercially available,
plastic-packaged SiGe transistors for first and second stages; the second amplifier is identical except
it utilizes an experimental chip transistor as the first stage. Both amplifiers use resistive feedback to
provide input reflection coefficient S11!−10 dB over a decade bandwidth with gain over 30 dB.
The amplifiers can be used as rf amplifiers in very low noise radio astronomy systems or as i.f.
amplifiers following superconducting mixers operating in the millimeter and submillimeter
frequency range. © 2009 American Institute of Physics. #DOI: 10.1063/1.3103939$

I. INTRODUCTION

Very low noise, wide bandwidth, cryogenic microwave
amplifiers are much in demand for radio astronomy and low
temperature physics research. They are needed as rf amplifi-
ers in large numbers for focal-plane arrays or arrays of tele-
scopes such as the Square Km Array.1 In addition they are
required as i.f. amplifiers for millimeter and submillimeter
wave receivers utilizing superconducting mixers.

For the last 20 years amplifiers utilizing high-electron-
mobility field-effect transistors, usually on indium-phosphide
substrates, have been used with excellent results in these
applications.2 However, in the last few years very high per-
formance silicon bipolar transistors with germanium alloyed
in the base region !SiGe"3 have become available with rapid
development spurred by the wireless communication market.
The advantages of the SiGe amplifiers to be described in this
paper are !1" good input impedance match over a decade of
bandwidth extending to low frequencies, !2" better gain sta-
bility due to the vertical bipolar transistors in deference to
near-surface, field-effect transistors, which exhibits transcon-
ductance fluctuations with a 1/F spectrum, !3" slightly lower
noise !2.6 K versus 4 K" at 17 K as measured in the same test
set, !4" availability of complementary metal-oxide semicon-
ductor !CMOS" digital functions in the same integrated cir-
cuit !IC" process, and !5" riding a much more widely funded
transistor development effort that should lead to higher fre-
quency and higher performance in the near future.

In a previous paper4 we have developed a theoretical
noise model based on dc I-V measurements of the transistor
and a simplified small-signal equivalent circuit. This was fol-
lowed by measurements of the complete small signal model
and relating the noise model to fundamental limits to the
noise of a feedback amplifier.5 These papers show that the dc
current gain " at the temperature of operation, as shown in
Table I, is a key parameter for selection of a transistor for
low noise at low microwave frequencies !well below the Ft,
which is typically #60 GHz". On this basis an experimental
STMicrolelectronics !ST" transistor,6 type BipX1, was cho-
sen for the first stage of the amplifier, which will be de-

scribed as the “ST” amplifier in this paper. A second ampli-
fier, termed as “NXP” amplifier, utilizes the NXP BFU725A
transistor, which is commercially available in a plastic pack-
age. Both amplifiers utilize the BFU725A as the second
stage.

It should be noted that other parameters of both the tran-
sistor and the circuit determine the amplifier noise. These are
the base and emitter resistance, the transconductance relative
to its theoretical value, the input circuit losses, the feedback
resistor, and at higher frequencies the unity short-circuit
current-gain frequency !f t" of the transistor. These terms are
considered in our previous paper but will not be further dis-
cussed in this paper, which concentrates on the construction
and measured results for two amplifiers which are directly
applicable to state-of-the-art radio astronomy systems.

The amplifiers utilize discrete transistors rather than ICs.
A discrete transistor approach allows much flexibility in the
design, rapid utilization of the latest transistors, requires less
knowledge on the transistor model, and low cost for small
quantities. However, an IC matched cryogenic amplifier with
excellent performance has recently been developed and sub-
mitted for publication7 and a resistive feedback on IC differ-
ential amplifiers including differential input has been
reported.8

FIG. 1. Schematic of the amplifier. Capacitor values are in picofarad. Mi-
crostrip line lengths are not shown but are relevant above 2 GHz and have
been included in the CAD analysis.

REVIEW OF SCIENTIFIC INSTRUMENTS 80, 044702 !2009"

0034-6748/2009/80!4"/044702/5/$25.00 © 2009 American Institute of Physics80, 044702-1
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 Flared quad-ridged feed horn
broad band 5:1
based on numerical simulations from 

             S. Weinreb’s Team  (CalTech)
exponential profile for ridges and the wall 
~800mm diameter and length

 radiation pattern is asymmetric

Effelsberg	  system	  -‐	  overview

Tuesday, 21 May 13



!30$

!25$

!20$

!15$

!10$

!5$

0$

0$ 30$ 60$ 90$ 120$ 150$ 180$

610MHz$

650MHz$

715MHz$

760MHz$

825MHz$

880MHz$

915MHz$

970MHz$

1000MHz$

H!plane$

!30$

!25$

!20$

!15$

!10$

!5$

0$

0$ 30$ 60$ 90$ 120$ 150$ 180$

610MHz$

650MHz$

715MHz$

760MHz$

825MHz$

880MHz$

915MHz$

970MHz$

1000MHz$

1500MHz$

2000MHz$

E!plane$

30#

40#

50#

60#

70#

80#

90#

500# 1000# 1500# 2000# 2500# 3000#

Ill
um

in
a(

on
*A
ng
le*
/°
*

Frequency*/*MHz*

h-plane#

e-plane#

Effelsberg system - overview
 Feed horn near-field measurements

E, H-plane beam patterns are non-identical
~ 50% under-illumination at some freqs.

 f/D=0.3 ➟ ± 80° (12 dB edge taper)
 but ... much lower Tsys (<20K)
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Radio frequency interference ~ 70% useable band!
Strong RFI @ 380-385, 390-395 MHz (new)

pre-LNA 400 MHz high pass filter > 30db suppression

~1K loss in Trx = 17K

Other RFI rejected by post-LNA analog filterbank

signal processing in backends clean further RFI

Effelsberg system - overview
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Effelsberg system - overview
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Large BW increases sensitivity
but ... also exacerbates dispersion smearing

remove dispersion by coherent dedispersion

 issues ....
wide-band ~2.5 GHz ~ 96 Gbits/sec!
Coherent dedispersion is formidable ~ multi-gigapoint FFT in ms

Solution ....
use smaller bands, each ~10’s MHz wide
reduces FFTs to < ~128 Kpts.

Signal processing

Tuesday, 21 May 13
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ROACH

ROACH

64x15.625 MHz subbands

HP 
Switch

384 Gbps
backplane

CPU cluster
+ baseband

0.5 - 3.0 GHz 
RF input

3x500 MHz bands

Processing: stop-gap solution
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ROACH-based PFB
flexible instrument
Any IF from 0.6 to 20GHz
24 high performance nodes
608 CPU cores
308 TB total storage

Processing: stop-gap solution
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ROACH board

Xilinx Virtex-5  FPGA + CASPER DSP library

1 GSPS, dual 8-bit Atmel ADC

16/32 channel polyphase filter bank 

4x10GbE 

Processing: stop-gap solution

ROACH: Reconfigurable Open Architecture Computing Hardware
CASPER: Centre for Astronomy Signal Processing  and Electronics Research
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First results - June/July 2012

Could have been better ....

RFI was a major issue - mild saturation of LNA

under-illumination of the dish

phase-centre issues with wide-band feed

Some results ...

Tuesday, 21 May 13



Current state of EPTA 

Over 40 pulsars are being timed at the different European observatories.
Aim is to achieve sub-100ns timing accuracy for several pulsars

UBB’s impact

high-quality TOAs for the EPTA
sensitive, better handle on DM 
Tame scintillation : at the least catch more scintiles
improved timing precision - errors on residuals go down

UBB’s Impact on EPTA
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A&A 514, A74 (2010)

Fig. 2. Flux density variations of PSR J1918−0642 obtained with the WSRT and NRT from observations made at 21 cm. The left panel shows
the distribution of flux densities from the two observatories, where the leftmost column represent all non-detections. In the right panel we show
the individual flux density values as a function of time, where the length of the line in each case is proportional to the flux density, as indicated in
the legend. Observations where there was no clear detection (ND) of the pulsar and thus only an upper limit on the flux density can be determined,
are plotted with a cross.

Fig. 3. Dynamic spectra of PSR J1918−0642 plotted as a greyscale of intensity as a function of time and frequency. Darker pixels correspond to
higher intensity values and the intensity scales linearly with the levels of grey. The dynamic spectra are from two observations made using PuMaII
on 23 February 2008 (left) and 24 March 2008 (right).

Using the improved bandwidth of our PuMaII measure-
ments we were able to better explain the scintillation proper-
ties of PSR J1918−0642. In Fig. 3 we show the dynamic spec-
tra from two observations of PSR J1918−0642, separated by just
one month. The left hand side shows a classic case of scintil-
lation with a scintillation bandwidth of approximately 5 MHz.
Comparing this value to the range of bandwidths seen for similar
dispersion measure pulsars, as discussed earlier, it is a factor
of three smaller than the lowest measured scintillation band-
width. In contrast, the right hand plot shows just a single scintle,
which is perhaps somewhat broader than 5 MHz, across the full
160 MHz of bandwidth. It may be possible that these variations

are purely statistical in nature, although the lack of any scin-
tles in the band of at least 80 MHz in width, appears to happen
about 20% of the time. We note that Gupta et al. (1994) explain
variations in the scintillation properties like this as being to the
refractive modulation of the diffractive interstellar scintillation
pattern. While beyond the scope of this paper, the techniques
outlined by Gupta et al. (1994) could be used to further exam-
ine the relationship between the velocities in this system and the
interstellar medium along the line of sight. We note also that
very wide bandwidth observations of this pulsar provide the best
opportunity to do high precision timing, as when the pulsar is
bright it can be timed to high precision.

Page 6 of 9

Scintillation ...

scintiles -- blobs in time-frequency space

scintillation can push signal out of band

solution is to use very large bandwidths

scattering - arise from diffraction/refraction

can be used to model the ISM

Janssen et. al 2011PSR J1918-0642
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Better DM estimates ...

1342 G. Hobbs et al.
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Figure 8. The variation of dispersion measure with time for PSR
B0458+46. The best fit gives a dispersion measure gradient of +0.0292(9)
cm−3 pc yr−1 compared to 0.030(3) cm−3 pc yr−1 obtained from fitting a
timing model containing d(DM)/dt to the TOAs.

Figure 9. The magnitude of dispersion measure derivatives with uncertain-
ties less than 0.01 cm−3 pc yr−1 plotted against dispersion measures. The
best straight line drawn through the data points has a gradient of 0.57(9),
suggesting a square-root dependence between |d(DM)/dt | and DM. The cir-
cles represent the | d(DM)/dt | values given in this paper. The end of the line
on each point gives an indication of the variation of d(DM)/dt expected due
to the pulsar’s transverse velocity assuming a nominal pulsar velocity of 300
km s−1 (see text).

respectively] for both these pulsars were measured by Stokes et al.
(1986); their uncertainties could have been significantly underesti-
mated. For a few pulsars, the measurements of the two dispersion
measures do not agree. For example, our measurement for PSR
B1914+09 of 60.953(6) cm−3 pc is inconsistent with the value of
61.40(3) cm−3 pc obtained by Hankins (1987). However, such small
discrepancies may be explained by the difficulty of aligning pulse
profiles at different frequencies, by short-term dispersion measure
variations, or by the much longer-term gradients in dispersion mea-
sure that are described below. Unfortunately, this cannot be con-
firmed, as, in many cases, we do not have a reference epoch for the
dispersion measure values in the literature. Similar discrepancies
have recently been found by Weisberg et al. (2003).

The absolute values of the measured dispersion measure deriva-
tives |d(DM)/dt | range up to 0.7(4) cm−3 pc yr−1 for PSR
J1750−3503. However, the maximum value measured to a precision
greater than 0.01 cm−3 pc yr−1 equals 0.030(3) cm−3 pc yr−1 for
PSR B0458+46. These d (DM)/dt values were obtained by fitting a
timing model to the whitened TOAs in the manner described in Sec-
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Figure 10. The magnitude of the dispersion measure derivatives versus
transverse velocities. A pulsar has been included in this plot if d(DM)/dt

has been measured to better than 0.01 cm−3 pc yr−1, the proper motion better
than 10 mas yr−1 and if it has a transverse velocity greater than 300 km s−1.
The straight-line fit has a gradient of 0.5(1); the correlation coefficient equals
0.4.

tion 3. In order to confirm that no unexpected correlations exist be-
tween this parameter and any other, we show, in Fig. 8, the variation
of dispersion measure with time for PSR B0458+46. Each disper-
sion measure was obtained by fitting a timing model for the pulsar’s
rotational parameters and dispersion measure to 3-yr segments of
the entire data-span. The dispersion measure gradient obtained by
fitting a straight line to the data in Fig. 8 equals +0.0292(9) cm−3 pc,
which compares well to the value given above. An in-depth study
of the interstellar medium using these results will be presented in a
paper that is currently in preparation.

Backer et al. (1993) suggested that | d(DM)/dt | should be propor-
tional to the square root of DM and the pulsar velocity. Indeed, we
find a dependence between dispersion measure gradients and DM
that is consistent with this (see Fig. 9). The best fit to our data predicts
that |d(DM)/dt | ≈ 0.0002

√
DMcm−3 pc yr−1, although the scatter

around this best fit is large (about one order of magnitude). Much
of this scatter may be due to the dispersion in the pulsar transverse
velocities. Assuming a mean pulsar transverse velocity of 300 km
s−1 (a factor of 3 higher than that used by Backer et al. 1993) and
that |d(DM)/dt | is proportional to the transverse velocity, we can
calculate the expected corrections (indicated as a line on Fig. 9). The
relationship between |d(DM)/dt | and transverse velocity is plotted
in Fig. 10 for those pulsars with proper motions measured to better
than 10 mas yr−1. The distance L has been obtained from the pulsar’s
dispersion measure using the Taylor & Cordes (1993) model for the
Galactic distribution of free electrons. However, there seems to be
no significant correlation, which may not be too surprising given
the complexity of the interstellar medium and the simplicity of the
model.

In any case, the derived relationship between the d(DM)/dt and
DM allows the dispersion measure variations to be estimated. This is
useful in particular for high-precision timing of millisecond pulsars
where ‘interstellar weather’ is a limiting factor (e.g. Backer & Wong
1996).

5 C O N C L U S I O N

We have published updated ephemerides for 374 pulsars. The pulsar
sample represents over 40 per cent of the 850 known pulsars that

C© 2004 RAS, MNRAS 353, 1311–1344

Hobbs et al, 2004

274 pulsars, over 25yrs of data

DM does change for some pulsars

empirical fit ~ 0.57
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High precision timing

EPTA GWB limit 3119

(5) a cross-correlation with a template pulse profile yields a TOA
and associated uncertainty (Taylor 1992).

Individual pulse amplitudes and pulse shapes are highly irregular,
and pulse phases vary significantly from pulse to pulse (Cordes &
Shannon 2010). Therefore careful averaging (folding) has to be
performed to obtain a single TOA. Furthermore, the interstellar
medium (ISM) results in significant delays of the arrival time of
the pulses over the receiver bandwidth. As a large bandwidth is
required to reliably detect a pulse, accounting for the ISM is key for
precision timing.

Differences in templates used, e.g. the use of integrated profiles
versus analytic templates, all based on single-observatory data, and
the difference in definition of the reference point in a template will
result in offsets between data sets generated by different observa-
tories. All extra offsets in our data will lead to information loss
of other signals like the GWB. Therefore, using a common tem-
plate for each pulsar at all observatories is desirable, and will be
implemented in the near future.

The realization of the five steps and therefore their output (the
resulting TOA) might differ among observatories. Understanding
and accounting for those differences is essential for the correct
analysis and optimal combining of the EPTA data. A more detailed
study on this subject is in preparation (Janssen et al., in preparation).

The cross-correlation between the folded profile and the template
yields an uncertainty of the TOA (Taylor 1992). One would like this
uncertainty to be solely due to the radiometre noise, i.e. the noise
intrinsic to the measurement, but in practice the errors sometimes
appear to have been systematically over- or under-estimated. It is a
common practice, which we follow here, to allow for an extra pa-
rameter to multiply these uncertainties for each pulsar-observatory-
backend combination (Hobbs & Edwards 2006). This extra multi-
plicative factor allows the TOA uncertainties to statistically account
for the TOA scatter: the deviations of the strict periodicity of the
pulses. This is clearly unsatisfactory, and in future timing experi-
ments the origin of the predicted and measured TOA scatter will
have to be thoroughly investigated.

3 EPTA O BSERVATIONS

3.1 Overview of the observatories

We have used pulsar timing observations of five radio pulsars, ob-
served with three of the EPTA telescopes, to set a limit on the GWB.
See Table 1, Fig. 2 and the appendix for an overview of the data sets
used and the properties of each telescope. Each pulsar was ob-
served on average once every month for 30 min at each telescope.
Although additional observing frequencies are commonly used at
WSRT and EFF, their respective 1380- and 1400-MHz observing
bands have the best sensitivity and result in the highest precision

Figure 2. The timing residuals of all the pulsars used in the GWB limit
calculation. The time in MJD is shown on the x-axis. On the left of the
dot–dashed line we have placed a sample residual with an uncertainty of
1 µs.

TOAs. Therefore we have only used observations taken at those fre-
quencies at WSRT and EFF for the analysis presented in this paper.
The data were either coherently dedispersed (NRT and EFF) or in-
coherently dedispersed (WSRT). The observations were folded and
cross-correlated with an analytic template (EFF), or a high signal to
noise ratio, observatory specific, template (WSRT and NRT), to cal-
culate one time-of-arrival (TOA) per observation. See e.g. Lazaridis
et al. (2009) for a more complete description of the observing pro-
cedures and data analysis at the different observatories.

As discussed, any change to the pipeline or to the input of the
pipeline can result in a difference in the calculated TOAs. We em-
phasize that it is essential to correctly identify these systematic
effects and include them in the modelling of the TOAs. In our anal-
ysis, we have done this by introducing jumps between TOAs of the
same pulsar anywhere the pipeline differs in some way.

Once the complete set of data for each pulsar is obtained, and cor-
rected for global drifts by comparing to UTC, it is fit with the timing
model. The timing model is a multiparameter fit that represents our
best knowledge of the many deterministic processes that influence
the values of the TOAs. The timing residuals are then produced
by subtracting the timing model, which is subsequently optimized
by minimizing these residuals through a least-squares fit. This was
done using the pulsar timing package TEMPO2 (Hobbs, Edwards &
Manchester 2006).

Table 1. Details of the different EPTA observatories relevant for this work. The NRT observing
bandwidth has doubled to 128 MHz in 2009 July.

Telescope WSRT NRT EFF

Equivalent dish size (m) 93.5 94.4 100
Centre observing frequencies (MHz) 1380 1398, 2048 1400

Observing bandwidth (MHz) 80 64/128 28–112
Obs. time per month per pulsar 1 × 30 min 4–6 × 60 min 1 × 30 min

Pulsar backend PuMaI BON EBPP
Dedispersion incoherent coherent coherent

Used templates integrated profiles integrated profiles analytic
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Conclusions

UBB receiver and backend are nearly complete
System shows a great promise 
more issues are under control - RFI/Tsys
At least ~2-3 improvement in EPTA residuals
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