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The Tianlai Cylinder Pathfinder is a radio interferometer array designed to test techniques for 21 cm intensity mapping in the
post-reionization Universe, with the ultimate aim of mapping the large scale structure of the Universe and measuring cosmological
parameters such as the dark energy equation of state. Each of its three parallel cylinder reflectors are oriented in the north-south
direction, and the array has a large field of view. As the Earth rotates, the northern sky is observed by drift scanning. The array
is located in Hongliuxia, a radio quiet site in Xinjiang, and saw its first light in September 2016. In this first paper on the data
analysis of the Tianlai cylinder array, we describe the system functions of the array, the commissioning observations during 2016-
2018, and present its basic performance characteristics. We show examples of the interferometric visibility data, then using the
observational data, we derive the actual beam profile in the east-west direction, the bandpass response, and calibrate the complex
gains for the array elements either with a strong astronomical point source, or with an artificial calibrator source. Based on the
preliminary analysis of the data, we derive the system temperature and sensitivity of the array.
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1 Introduction

This paper describes our analysis for the performance char-
acteristics of the Tianlai Cylinder Pathfinder. This array con-
sists three parallel cylindrical reflectors, each has a width of
15 meter and a length of 40 meter, the long axis is aligned in
the true north-south (N-S) direction. It is co-located with the
Tianlai Dish Pathfinder, an interferometer array of 16 dishes
of 6 meter aperture. These complementary designs were cho-
sen specifically for testing different approaches to 21 c¢cm in-
tensity mapping. Both saw their first light in 2016. An aerial
photograph of the Tianlai arrays site is shown in Fig. 1.

Intensity mapping is a technique for making rapid low an-
gular resolution survey of the large scale structure of using
a redshifted spectral line [1], without attempting to resolve
individual galaxies. The 21 cm line emitted by neutral hy-
drogen is of particular interest [2,3]. So far, the 21 cm
signal has only been marginally detected by this method in
cross-correlation with optical galaxy redshift survey by two
instruments: the Green Bank Telescope (GBT) [4, 5] and the
Parkes Observatory [6]. Nevertheless, 21 cm intensity map-
ping is considered to be a potentially powerful probe of cos-
mology: measuring the equation of state of dark energy from
the baryon acoustic oscillation (BAO) features (e.g. [7]), con-
straining models of inflation (e.g. [8]), as well studying the
Epoch of Reionization (EoR) (6 < z < 20) Cosmic Dawn
(z ~ 20) and the dark ages (z = 24). A primary observable
for cosmological studies is the three-dimensional power spec-
trum of the underlying dark matter, which is traced by neutral
hydrogen and intensity mapping provides a natural means to
compute this spectrum over a broad range of wavenumbers,
k, in which the perturbations are in the linear regime.

While HI intensity mapping is being used to study the EoR
and Cosmic Dawn by a variety of meter wavelength instru-
ments, including LOFAR [9], MWA [10], HERA [11], PA-
PER [12], and LWA [13], this paper focuses on measurements
of the post-reionization epoch. Several dedicated instruments
have been constructed, or are under development, to detect
the 21 cm signal: CHIME [14], Tianlai [7, 15-17], HIRAX
[18], OWFA [19], and BINGO [20]. Other instruments are
being designed and built to test the technique include BMX
and PAON-4 [21,22]. With the exception of BINGO, they
are all interferometer arrays with large numbers of receivers
in order to provide enough mapping speed to detect the small
21 cm signal; and all are laid out in a compact configuration
in order to provide sensitivity at the relatively large scales
(0.5 > k > 0.05) where the BAO features appear in the power
spectrum.

The 21 cm signal is 4 ~ 5 orders of magnitude smaller
than the foreground emission (primarily synchrotron radia-
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tion) from Galactic and extra-galactic radio sources (see e.g.
Ref.[23]), making the detection a great challenge. Extracting
the 21 cm signal generally relies on the fact that foreground
emissions are smooth functions of frequency, while the 21 cm
spectrum has a structure arising from the large-scale distribu-
tion of matter along the line of sight [2]. However, instru-
mental effects can introduce structure into the spectrum of
otherwise smooth foregrounds. In particular, the antenna and
array beam patterns are frequency dependent, which aliases
the angular dependence of the bright foregrounds into fre-
quency dependence of the visibilities. Removing this so
called "mode-mixing" effects requires detailed understanding
and measurement of the frequency-dependent gain patterns
of the antennas and of the gain and phase of the instrument’s
electronic response: i.e. calibration.

While many radio interferometers track targeted regions
of the sky, most of the post-EoR instruments observe the sky
by drift scanning. This observing strategy allows for large
sky coverage using simple and inexpensive instrument de-
signs but complicates the calibration strategy. Tracking in-
struments can calibrate continuously on bright sources in or
near the field they are mapping. Drift scanning instruments
such as Tianlai must wait for bright sources to pass through
the field, or attempt to calibrate on dimmer sources. It is
important to check the stability of the system, which greatly
affects the sensitivity to the 21cm signal.

Before using the array to make astronomical observations,
it is necessary to first check and understand its basic per-
formance characteristics. In this work, we make an analy-
sis of basic performance characteristics of the Tianlai cylin-
der pathfinder array based on test observation data. We first
review the instrument design of the system, its observations
during the 2016-2018 test run, and the data processing proce-
dure in Section 2, then present some system tests in Section
3. We examine the raw output data from the array in Sec-
tion 4, and derive the beam pointing and width from transit
of strong source in Section 5. In Section 6 we describe the
calibration of the system and study its stability. In Section
7 we estimate the system temperature of the radio telescope.
Finally, we summarize our results in Section 8.

2 An Overview of Instruments, Observations
and Data Processing Procedures
An interferometer array works by having a number of re-

ceiving units (antenna/feed combination) distributed in space,
each of them generates an electric voltage signal,

Ea) = g4 f QAL VEG, Ve 4 ) (1)
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Figure 1: A top view photograph of the Tianlai cylinder and dish arrays. The dish is located in the east side of the cylinder, the calibrator noise source (CNS)
is located on a hill to the west of the arrays, as marked on the left side of the photograph. There is a blue cabin for storage between the array and the CNS.

where A, (77, v) is the antenna response to the electric field
E(#, v) from the direction 7 at frequency v, g, is the receiver
gain, ¥, is the position of the antenna, and 7, is the noise. The
short time averaged correlation between the voltage outputs
is called an (interferometric) visibility,

Var(v) = (E;Ep ).

The visibility is related to the sky intensity by
V< g0 [ B expl-i2niils i) @)

where (E*(R)E(i")) o I,(i1)6*(it — i) is the sky intensity in
the direction 7 at frequency v,

v
ap = Z(fb — %)

is the baseline vector between antenna or feed a and b in
units of wavelength. B,,(#7,v) = A.(#,v)A,(#, v) is the pri-
mary beam response for the pair, and can often be simplified
as B(i,v) if the array is uniformly constructed and each an-
tenna/feed is pointing in the same direction. The uncorrelated
noise satisfy (n;n,) = 64, Tys. This equation can also be gen-
eralized to the polarized case. The hardware instrument of
the interferometer array is designed to produce this visibility
data. From the measured visibilities, the sky intensity I,(7)
can be recovered by synthesis [24].

2.1 Instrument

The Tianlai project is now running in a pathfinder stage. The
cylinder array consists of three adjacent parabolic cylinder re-
flectors, each 40mx 15m with its long axis oriented in the N-S
direction. The cylinders are closely spaced in the East-West
(E-W) direction, as shown in Fig. 2. Dual-polarization dipole
feeds are placed along the focus line of each cylinder. The re-
flectors focus the incoming radio signal in the E-W direction,
while allowing a wide field of view in the N-S direction. The
Tianlai cylinder reflector is fixed on the ground, at any mo-
ment its field of view (FoV) is a narrow strip running from
north to south through the zenith. While the reflectors allow
the FoV to run from horizon-to-horizon in the N-S direction,
the beam of the feeds limit the strip to +60° from zenith [25].
As the Earth rotates, it can scan the northern ceestial hemi-
sphere. (The latitude of the telescope site is 44°, so the FoV
extends from —16° declination up to +90° and back down to
+76° on the other side).

From east to west, the 3 cylinders are denoted cylinder A,
B, C respectively. Each has been installed with a slightly dif-
ferent number of feeds, 31, 32 and 33 respectively. From
north to south, the feeds in each cylinder are labelled in num-
bers 1,2,3,...,... The northernmost (or southernmost) feeds
Al, BI1, C1 (or A31, B32, C33) are aligned, and the distance
between the northernmost and southernmost feeds are 12.4
m. The currently installed feeds occupy less than half of
the cylinder; the remaining space is reserved for additional
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feeds for future upgrades. Since the feeds are evenly dis-
tributed, this results in different feed spacings for each differ-
ent cylinders, which are 41.33 cm, 40.00 cm and 38.75 cm
respectively. This arrangement is made to reduce the grating
lobe, which is generated due to the degeneracy in arrival time
for different directions when the spacings between adjacent
feeds are larger than half a wavelength. As the spacings of
the three cylinders are slightly different, their grating lobes
are also slightly different, so the grating lobe is reduced [16].
Each dual linear polarization feed generates two signal out-
puts. We will use X to denote the output along the N-S di-
rection and Y along E-W direction. Each signal channel is
designated by its cylinder, feed number and polarization ba-
sis. For example, the E-W polarized output of the 2nd feed
in the middle cylinder will be noted as B2Y. The baseline
between two feeds is denoted by its two components linked
with a hyphen; for example the baseline C7-B28 is shown in
Fig. 2, and the cross-correlation between their X-polarization
channels is denoted as C7X-B28X.

R 2215 m 15.0m
Cl B1 Al
1S 1S
< o
~ =]
— <
7 7 i
C33 B32 A31
C B A

Figure 2: The Tianlai Cylinder Array. The cylinders are aligned in the N-S
direction, with a gap of 0.215 m between adjacent ones. The three cylinders
are designated as A, B, C from east to west, and have 31, 32, 33 feeds re-
spectively. The feeds in each cylinder are evenly distributed, with the ones at
both edges (A1, B1, C1 in the north and A31, B32, C33 in the south) aligned
with each other. The baseline C7-B28 is depicted by the orange double end
arrow as an example.

The system consists of the antennas (cylinder reflectors
and feeds) and the optical communication system (optical
transmitter/receiver and cable), which converts the radio fre-
quency (RF) electric signal to optical signals sent via optical
fiber to the station house, which is located about 6 km away
in the nearby Hongliuxia village. In the station, the system
is housed in separate analog and digital electronics rooms.
The optical signal is converted back to the RF electric sig-
nal, then down-converted to the intermediate frequency (IF).
The IF signal is then digitized and processed in the digital
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correlator. The whole system is designed to operate over a
wide range of frequencies (400-1500 MHz), while the work-
ing frequency band is set by replaceable band pass filters. At
present the bandpass is set to 700-800 MHz, corresponding
to redshift 1.03 > z > 0.78 for the 21 cm line. A summary of
the design parameters of the cylinder array is given in Table

1, and a schematic of the system is shown in Fig. 3.

Table 1: Main design parameters of Tianlai cylinder array.

Number of cylinder
Reflector N-S length
Reflector E-W diameter
f/D

Surface error (design)

Number of feeds per cylinder

3

40.0 m

15.0 m

0.32

< A/20 at 21 cm
31(A), 32(B), 33(C)

Feed spacing (cm) 41.33, 40.00, 38.75
Feed illumination angle 152°

Number of data channels 192

Gain (design) > 20 dBi
Adjustable frequency range 500-1500 MHz
Current frequency range 700-800 MHz
Frequency resolution 122 kHz

1.6° (H-plane),
62.2°(E-plane)
1.8° (E-plane),
71.4°(H-plane)
E 91°48’, N 44°9’

X-pol(N-S) FWHM @750 MHz

Y-pol(E-W) FWHM @750 MHz

Location

In detail, the wide band low noise amplifiers (LNAs) are
mounted on the back plate of the feed. The amplified RF
signals pass through 15-meter long coaxial cables to the op-
tical transmitters mounted under the cylinder antennas. In
the transmitter box, the RF signal amplitude modulates a dis-
tributed feedback laser diode (DFB-LD) to generate the RF
optical signals. The typical intensity of the laser output power
is 3 dBmW, and a built-in thermal electric cooler module con-
trols the temperature of the laser diode, to keep the output in-
tensity at a stable value. The output laser is coupled into a
single-mode fiber pigtail and ferrule connector/angled phys-
ical contact (FC/APC) connector, which connects the optical
fiber link. The optical cable carries a bundle of 288 fibers
and the length of the cable is 8 km. The typical loss in
the optical fiber link is 4.8 dB at the operating wavelength
of 1.55um, and to compensate for this, the analog optical
transceiver system is designed with an end-to-end gain of 13
dB, which varies less than 2 dB within the band. At the re-
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Figure 3: A schematic of the Tianlai analog circuit system.

ceiving end, a PIN photo-detector demodulates the RF signal.
The receiver modules are housed in box cases; each handles
32 signal channels. The typical noise figure for the optical
link system is 17 dB. However, this does not significantly in-
crease the noise temperature for the signal which has already
been amplified by the LNA.

An analog mixer down-converts the RF signal to the IF
band of 125-235 MHz. The observing frequency band can
be adjusted by shifting the frequency of the local oscillator
(LO). Currently, the observing frequency band is 700-800
MHz. The LO is fixed at 935 MHz with a Rubidium stan-
dard frequency reference, with maximum phase noise of —90
dBc/Hz at 10 kHz and —90 dBc/Hz at 100 kHz. The im-
age frequency rejection ratio for the down-converter is larger
than 60 dB. Replaceable cavity band pass filter modules are
placed between the optical receiver RF output and the mixer
input to reject the out-of-band noise; its insertion loss is less
than 0.7 dB. The IF channel output power level can be ad-
justed within the range of 0 ~ 60dB by attenuators, which
are controlled by a serial communication port, and the gain
adjustment step is 1 dB. The gain flatness is less than 2 dB
for the IF bandwidth. For the IF channel output, the mini-
mum 1 dB compression point is 15 dBm.

Finally, the IF signal is sent to the digital backend system
through bulkhead connectors between the analog and digital
rooms.

The digital backend system has a commonly used FX
(Fourier transformation and correlation) framework. It in-
cludes three parts: the F-engine which performs the Fourier

transform, the X-engine which performs cross-correlations of
the Fourier-transformed data, and the network switch, which
performs the so called “corner turning”, i.e. it distributes the
data from different input channels of the same frequency to a
unit on the X-engine for computing the cross-correlations.

685.0 MHz 712.0 MHz 782.2 MHz 809.9 MHz
[ 685.6 MHz 808.5 MHz
0...4:5.. 2201227 oo 7961797 ...... 101251013 v 1023

i«—576 channels—> '

<— 1008 channels —— |

Figure 4: The relationship between the FFT channels and the radio fre-
quency. Though the correlator does a 1024-point FFT, only 1008 channels
are cross-correlated. Due to limited X-engine computation ability, currently
only 576 channels have been computed.

The F-engine consists of twelve FPGA boards, each
equipped with two 8-input analog-to-digit converters (ADCs)
of the type ADS62P49. These ADCs digitize simultane-
ously the 192 input channels, and work at a sampling rate
of 250 Mega samples per second (Msps) and with a length
of 14 bits. The sampler is synchronized by a 10 MHz refer-
ence signal output from a GPS receiver. The time-sequential
data is Fast Fourier Transformed (FFT) with a block length of
1024, though due to hardware limitations 16 of the frequency
channels near the edge are discarded and only 1008 frequency
channels are recorded. Given the 250 Msps sampling rate,
each frequency channel has a width of 6v = 2><215(())24 MHz =
122.07 kHz. However, due to some practical problems with
the correlator hardware, in most runs we only take the data
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for the central 576 frequency channels, which span a band-
width of about 70 MHz from 712.0 MHz to 782.2 MHz, as
shown in Fig.4.

The FFT results are packed in several frequency blocks
and sent to a 16 Gbx128 RapidIO high speed switching net-
work. The data of the same frequency bands from all in-
put channels are switched to the same DSP boards in the X-
engine. Each DSP board undertakes the cross-correlation of
one block of frequency bands for all input channels. A total
of 27 DSP boards are used. The correlation results from all of
the DSP boards are integrated on an FPGA board, which out-
puts the visibility to a storage server and the data is dumped
to hard drives in HDF5 format. The integration time is ad-
justable; typically we adopt 4 seconds (more precisely 3.995
s for integer multiples of integration cycle), which the sys-
tem can handle well and during which the drift of the sky
due to Earth rotation is negligible for the angular resolu-
tion of our system. The raw visibilities are arranged in the
form of [time, frequency, correlation], with correlation be-
ing the fastest changing index. The cross correlation be-
tween all of the 192 inputs are computed, thus forming a total
of 18528 correlation pairs (192 auto-correlations plus 18336
cross-correlations).

To monitor the variation of instrumental phase, an artificial
calibrator is installed on a small hill to the west of array, to
broadcast wide band RF noise periodically. Below we shall
call it the Calibrator Noise Source (CNS). The device consists
of a small broadband disc-cone antenna erected on a wooden
pole, and a diode noise generator enclosed in a temperature-
controlled box. Its temperature is kept at 21°C by a thermo-
stat, with a maximum variation of +0.1°C per day or +2°C
in a year. The CNS is placed at the top of a hill about 131.5
meters from the center of the array in the North-West direc-
tion of the array, and its elevation relative to the center of
the array (including the hill and wooden pole height) is about
13.1 meters.

The CNS is turned on and off with a period of 240 seconds.
Initially the noise source broadcasted for 20 seconds; but af-
ter December 2017 this was reduced to 4 seconds; giving a
duty cycle of 8.3% and 2.1% respectively. The amplitude of
the CNS is adjusted with an attenuator, so that as received
by the feed near the center of the cylinder array, the CNS in-
duced auto-correlation is about 5 dB stronger than the Sun
for the X-polarization and 10 dB for Y-polarization.

2.2 Observations

The Tianlai cylinder array does not have moving parts and
is designed to run continuously once powered on, though in
practice it runs a few days at a time. Once the digital corre-
lator has started up properly, one can run the data acquisition
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program. The data are automatically collected and saved to
hard drives. The drives are shipped to NAOC for off-line pro-
cessing and analysis.

The Tianlai cylinder array saw its first light in Septem-
ber, 2016. Test observation data were collected in 2016 —
2018. The observations were usually halted after a few days
when some problems were discovered, or when some hard-
ware malfunction prevented normal operation. Currently, we
have collected a total of 114 days’ data, as listed in Table 2.

Table 2: List of Tianlai Cylinder Array Data Sets.

Data set Lengths  Malfunction Channels

2016/09/27 20:15:37 5days A18Y,A28,B19,C7Y,
C9X,C14X,C16,C29Y

2016/10/11 00:49:48 Sdays A18Y,A28,B19,C7Y,
C9X,C14X,C16,C29Y

2016/12/31 20:51:54 17 days  Many

2017/02/13 19:23:07 Sdays Al18Y,A24Y,B6Y,B26Y,
CISX,C7Y

2017/02/24 19:31:07 9days Al18Y,A24Y,B6Y,B26Y,
C15X,C7Y,C18~C33

2017/08/21 21:26:39 3days A26X,B21X,C3X,C16
A17~A24,C26~C33

2017/09/03 14:32:17 9days A26X,B21X,C3X,C16
A17~A24,C26~C33

2017/09/22 01:33:18 7 days A26X,B21X,C3X,C16
A17~A24,C26~C33

2017/09/29 21:42:59 13days A26X,B21X,C3X,C16
A17~A24,C26~C33

2017/12/09 19:21:54 10days A18Y,A24Y,A26X,B26Y,
B31X

2017/12/20 19:22:02 4 days Al18Y,A24Y,A26X,B26Y,
B31X

2018/01/21 00:05:35 14 days  A18Y,A24Y,A26X,B26Y,
B31X,C28Y

2018/03/22 18:07:58 9days Al18Y,A24Y,A26X,B26Y,
B31X,C28Y

2018/03/31 17:08:12 4 days Al18Y,A24Y,A26X,B26Y,
B31X,C28Y

Total 114 days

The data sets in the table are designated by the starting
time of observation in the Beijing standard time (UTC+08h),
and the duration of each observation run is listed in the sec-
ond column of the Table. In the third column, we also list
the malfunctioning channels during that run. These malfunc-
tions are limited to those particular channels and do not affect
the running of the whole system. Some malfunctions were
identified during the run (e.g. if their output is too weak)
while some were only found after offline analysis (e.g. the
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output is too noisy). The visibilities involving these malfunc-
tioning units are ignored in the analysis. There were some
problems in the correlator for the 2016/12/31 data set which
render much of the data set unusable.

The present work is based on the analysis of the first light
data set, which started on September 27th, 2016, (below we
denote it as 2016/09/27) and was used in our early analysis
[26], and a second data set, which started on March 22nd,
2018 (denoted as 2018/03/22). These two data sets consist
of a total of 10 days’ observation, and cover both the autumn
and spring sky. For the 2016/09/27 data set, 20 frequency
channels are processed while for the 2018/03/22 data set all
576 frequency channels are processed.

2.3 Data Processing Procedures

The raw data were recorded in a series of HDFS5 files on hard
drives mounted on the data storage system. These are shipped
to NAOC for offline data processing. The offline data pro-
cessing procedure is outlined in Fig. 5.

The first step of the data processing is radio frequency in-
terference (RFI) flagging. The RFI is often stronger than the
astronomical sources or noise, and have characteristic distri-
butions in the time and frequency domain. These are recog-
nized and recorded in a binary mask file and ignored in sub-
sequent analysis. The Tianlai site is a very radio quiet site,
but in some of the data set we found a significant amount
of self-generated RFI, primarily from the power supplies for
the array, and the motors of the nearby dish antennas. Later
we installed quieter power supplies, and turned off the mo-
tors when making drift scan observations; greatly reducing
the amount of RFI.

Two types of calibration are performed: (1) Absolute cali-
bration. This is performed when a strong astronomical point
source such as Cygnus A (Cyg A) or Cassiopeia A (Cas A)
is transiting through the primary beam. The magnitude and
phase of the complex gain of each element can be determined
in such a calibration, up to a common offset. We use an eigen-
vector decomposition method to solve for these gains. (2)
Relative calibration. This is performed by using the CNS sig-
nal to track the variation of the phase of complex gains when
there are no strong astronomical sources available.

We can check the quality of the data before and after
the calibrations. The calibrated data which pass the quality
checks can be combined with other good data taken at the
same local sidereal time (LST) but on different days. This
co-added data will have an improved signal-to-noise ratio
(SNR).

One can then use the LST binned data to produce sky maps
and then make further analyses such as foreground removal
and power spectrum estimations, which are the ultimate sci-
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ence products for the 21 cm intensity mapping experiment.
A python-based data processing pipeline has been developed
[27], which provides a general framework for the data pro-
cessing outlined above with at least one and sometimes sev-
eral optional algorithms implemented for each step.

Input Data

RFI Flagging

1

Strong Source Calibration

l

Relative Phase Calibration

l

Quality Check

l

LST Binning

l

Map-Making

l

Further Processing

Scientific Products

Figure 5: An outline of the offline data processing procedures.
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In the present paper, we shall focus on examining the gen-
eral quality of the raw data and investigating the precision
and stability of the data achieved in the calibrations. The de-
tails of the RFI mitigation, and the methods and results of
map-making will be described elsewhere.

3 Sub Systems Performance

3.1 LNA

The receiver noise is determined to a large extent by the LNA.
Because the operating frequency is relatively low, where the
sky is relatively bright, the Tianlai receivers work at ambient
temperature. Cooling would be expensive and not very ef-
fective. The gain (G) and noise figure (NF) of the LNAs are
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measured at a frequency range from 650 MHz to 860 MHz,
and a few examples are shown in Fig. 6. There are some vari-
ations in the value of the gain, but their frequency responses
are similar. The NF variation in the 700-800 MHz band is
about 0.1 dB, with a mean NF of 0.65 dB. The noise figure is
related to the receiver noise temperature T by

T = (10%‘1)><T0 A3)

where T is the environment temperature of the receiver. For
example, if NF = 0.65dB, and we take the IEEE standard
reference temperature 7y = 290K, the corresponding noise
temperature of the LNA is about 47 K.

57.0

Noise Figure [dB]

50 700 750 800 850
Frequency [MHz]

Figure 6: The measured gain (top) and Noise Figure (bottom) of 5 randomly
chosen LNAs.

3.2 Linearity

Interferometry requires that the electronics respond linearly.
However, real analog and digital systems are only linear in
their response for a finite range of input power. The design of
the RF front-end systems (LNA, optical transmission system)
should ensure that it works in the linear regime during regu-
lar observations, and also produces amplified signals adapted
to the digital system input requirements. We have estimated
the required amount of amplification based on the typical ra-
dio frequency power level, the antenna gain, and the required
input voltage for the ADC. To allow adjustment of power lev-
els, two sets of 30 dB variable attenuators are placed before
and after the mixer. We adjust them so that the IF output
power level matches the requirement of the ADC.

The digital system also requires an appropriate level of in-
put power to produce outputs which are linearly related with
the input. The Tianlai cylinder array ADCs have a sampling
length of 14 bits, i.e. the output is an integer in the range of
-8192 to +8191 decimal. Better precision can be obtained if
the digital outputs have more non-zero bits, but on the other
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hand it is desirable not to saturate the output when the signal
is very strong.

A typical sample of the ADC output is shown in the top
panel of Fig. 7, and the standard deviation (STD) of the out-
put is shown as a function of the input power level in the
bottom panel. The IF output power level is adjusted to about
-13 dBmW when the array is observing a part of the sky with
no bright sources during night time, so that the ADC output
has a standard deviation of 400, about 5% of the total range
allowed by the sampling length, which is a good level for
quantization and avoids saturation. The brightest radio as-
tronomical source is the Sun. When it is transiting through
the telescope FoV, the maximum power level is about 5 dB
stronger, still well within the range of the ADC. Occasionally
RFI may generate strong signals that saturate the correlator,
but as we are generally not so interested in RFI and they are
generally filtered out, non-linear response due to saturation
by RFI is not a big problem for data processing.
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Figure 7: Top: ADC raw data samples taken over 8192 ns when the input
power level is -13.31 dBmW. Bottom: the standard deviation in logarithm of
ADC output at different input power levels. Currently, the IF level we set is
about -13 dBm within our observation band.

We use the CNS to check the signal chain response. The
CNS generates a wide band noise signal in the 700—-800 MHz
frequency band and its power level is adjusted by an attenu-
ator. The auto-correlation signal is shown in Fig.8 as a func-
tion of the attenuation in CNS power. The auto-correlations
have a non-zero noise floor at about -20 dB attenuation, due
to typical sky signal and receiver noise; this is however not an
indication of break down of linearity. The cross-correlation
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power which has a zero noise floor is linear all the way down
to an attenuation of 40 dB. This test is limited by the sky sig-
nal which is always present and contributes non-zero cross-
correlations.
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Figure 8: The auto-correlation output as a function of the power level of the
CNS (top panel) and nonlinear residual (bottom panel).

4 Quick Look Analysis of the Visibilities

We first make a quick look analysis of the raw visibilities. As
an example, in Fig. 9 the raw visibility of three baselines are
plotted as a function of LST and frequency. From top to bot-
tom, the three subplots show respectively a baseline for two
feeds on the same-cylinder, on two adjacent cylinders, and on
two non-adjacent cylinders. Each subplot shows the result of
six consecutive days starting from 2018/03/22; each day as a
sub-panel from bottom to top. The data are rebinned to 488
kHz (4 original frequency bins) and 20 seconds (5 original
time bins) to suppress noise. We have removed the data af-
fected by the periodic broadcasting of the CNS. In this two
dimensional plot, the brightness is proportional to the ampli-
tude of the visibility, while the hue is used to represent the
phase, from red, through blue, to violet for phase angle vary-
ing from O to 27. The saturation is set as 1. We set the bright-
ness to saturate at 2 times the median amplitude, to allow the
display of fainter features.
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Figure 9: The raw visibilities as a function of LST and frequency for 6 days
starting from 2018/03/22. The data are rebinned to 488 kHz and 20 s resolu-
tions. Top panel: baseline A3Y-A15Y; Middle panel: baseline A3Y-B18Y;
Bottom panel: baseline A2Y-C2Y.
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All panels show horizontal stripes that are fairly stable
This “background" has some structure in fre-
quency and is stable with time. This is correlated noise aris-
ing from the coupling between feeds. Indeed, it is particu-
larly strong for the top panel, which shows the visibility of a

over time.

medium length baseline on the same cylinder. The feeds on
the same cylinder are relatively close to each other, and radi-
ation from one can be reflected by the cylinder to the other
feed. It is much weaker for feeds on adjacent cylinders (mid-
dle panel), and even weaker for the feeds on non-adjacent
cylinders (bottom panel).

Table 3: List of sources that can be recognized in Fig. 10 and Fig. 11,
including their right ascension (R.A.), Zenith Angle (ZA), and flux at 750
MH?z as given in https://ned.ipac.caltech.edu/. The list is in the order of R.A.

Source | R.A. | ZA (deg) | Flux (Jy)

3C 010 | 00:25 20.0 62

3C 058 | 02:05 20.7 34

IC 1805 | 02:32 17.4 -
3C 084 | 03:20 2.7 22

3C 123 | 04:37 14.5 76

M 42 | 05:35 49.5 -

IC 443 6:16 21.6 190

3C 196 | 8:13 4.1 23
HydraA | 9:18 56.2 81
M82 | 9:55 25.5 11

M 87 | 12:30 31.8 353

3C 286 | 13:31 13.6 19
3C295 | 14:11 8.1 37
Hercules A | 16:51 39.2 88
3C 353 | 17:20 45.1 88
Galactic Center | 17:45 73.0 -
3C 380 | 18:29 4.6 23

3C 392 | 18:56 42.8 242

3C 400 | 19:23 30.0 673
Cyg A | 19:59 34 2980
Cyg X | 20:28 41.2 -
NRAO 650 | 21:12 8.3 48
3C433 | 21:24 19.1 21
Cas A | 23:23 14.7 2861

The vertical features in the figure shows strong sources
transiting through the the telescope field of view. This ob-
servation was taken near the Vernal Equinox; the Right As-
cension (R.A.) of the Sun is nearly 0 h, so its transit (noon)
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takes place near 0:00 LST. With a few exceptions, the visibil-
ity is very similar on each day. The most prominent feature in
these plot is the division of day and night. Sunrise (18h30m
LST) and sunset (6h00m LST)can be clearly seen. The strong
fringes of the Sun shifted slightly each day, due to the daily
motion of the Sun along the ecliptic.

Besides the Sun, a few other transits can also be recog-
nized. There is a strong fringe at 12h30m produced by the
transit of Virgo A (M87). Another obvious source which has
its transit on 6h8m (Day 3), then 7h10m (Day 4), 8h12m (Day
5) and 9h14m (Day 6) is the Moon, which moves 1h02m in
R.A. each day during this observation. The two bright ver-
tical fringes on day 2 at about 8h10m and 9h15m are from
RFIL.

:00 :00
Local Sidereal Time

Figure 10: The nighttime A3Y-B18Y visibility of 2018/03/22 data, with the
time-averaged band structure subtracted.

20 21 22 23 00 0L 02 03 04
Local Sidereal Time

Figure 11: The nighttime A1Y-B2Y visibility of 2016/09/27 data, with the
time-averaged band structure subtracted.

The horizontal stripes are very stable, and are removed by
subtracting off a moving average of 1 hour. As an example,
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Figure 12: The simulated beam profiles at 700-800 MHz. Left: E-plane; Right: H-plane. Top: Y-polarization. Bottom: X-polarization. The directivity is 25.2

dBi for the X-polarization and 24.2 dBi for the Y-polarization.

we show the processed data during night time for the baseline
A3Y-B18Y in Fig. 10 and A1Y-B2Y in Fig. 11.

Many less prominent sources can now be clearly seen, and
they repeat each sidereal day. We list the sources that can be
seen directly in this visibility and identified with well known
strong radio sources in Table 3, where both day and night time
sources are included. Some sources are complex ones, which
would be resolved into multiple sources with higher angular
resolution. The flux for the entire complex is not available.
In fact, more fainter fringes could be spotted in the visibility,
but are too numerous for all of them to be listed.

For the longer E-W baseline A2Y-C2Y, the angular resolu-
tion is higher and adjacent sources unresolved by the shorter
baselines may be resolved by the longer ones. The fringes
are clearer and the phase varies more rapidly. The horizon-
tal band structure is less significant in the longer baselines,
perhaps because the larger physical separation of the feeds of
longer baselines leads to smaller cross-coupling and weaker
correlated noise.

In Fig. 11, we plot the visibility for A1Y-B2Y for a dif-
ferent observation starting from 2016/09/27. Here the Sun is
positioned on the opposite part of the ecliptic. There hap-
pen to be many more bright radio sources during the night
sky. We can see numerous fringes in this case, even without

removing the Sun.

5 The Antenna Beam Response Pattern

The beam profile for a feed on the Tianlai array is simulated
using the Microwave CST software. The simulated beam
profiles at 650 MHz, 1050 MHz and 1420 MHz were re-
ported earlier in [25], which demonstrated that the Tianlai
cylinder antenna and feed have a quite good broadband re-
sponse. Here, we show the simulated beam profiles in the
700-800 MHz range in Fig. 12. As expected, the beam has
a narrow peak with a full width half maximum (FWHM) of
1.6°(1.8°) for X (Y) polarization at 750 MHz along the E-W
direction (H(E)-plane for the X(Y) polarization), and a very
broad peak with FWHM about 62.2°(71.4°) along the N-S
direction (E(H)-plane for the X(Y) polarization). The broad
beam along the N-S direction is largely determined by the
beam profile of the feed.

We can verify the simulated beam profile in the E-W direc-
tion by observing the transit of strong sources. We use Cyg A
as our calibrator. The declination of Cyg A is +40.7° and the
zenith angle is only 3.4° at the peak of this transit. Because
its track is quite close to the E-W great circle passing through
the zenith, it provides a good determination of the E-W beam
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profile near the center of the beam.

The auto-correlations of the cylinder array units during the
peak of the Cyg A transit event are plotted in Fig. 13 as a
function of time. Here the background has been removed,
so that the auto-correlation reflects what is induced by Cyg
A. The amplitude is averaged over the full frequency band to
improve the SNR. These curves are normalized at their peak
values and arranged according to their relative positions on
the cylinders. The feed numbers given here are 1 ~ 31 for
cylinder A, 32 ~ 63 for cylinder B, and 64 ~ 96 for cylinder
C.
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Figure 13: The auto-correlations of all X (top) and Y (bottom) polarizations
vs time during Cyg A transit. The black dots mark the peak time of the tran-
sit curve fitted by a Gaussian function. Malfunctioning feeds are masked and
appear as horizontal white lines.

The alignment of different feeds inevitably has some er-
rors, so the timing of the signal peak during the Cyg A transit
is different for each feed. The standard deviation of the tran-
sit times are oy = 38.8s and ox = 31.1s, corresponding to
0.123° and 0.099° in angle respectively. These errors in angle
are reasonable values for an installation with simple mechan-
ical tools and adjustment. The difference in the mean time
between the two polarizations is 18.6 s (or 0.059° in angle),
which is very small.

While the auto-correlation gives directly the response for
each feed, it has large receiver noise and is sensitive to the
contribution of mean sky brightness.
study the pointing of the beams using cross-correlations.

Therefore, we also
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We derive an average beam profile by averaging the cross-
correlation amplitudes for all of the E-W baselines which
span different cylinders during the transit of Cyg A. This is
averaged over all frequencies.
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Figure 14: Distribution of the transit amplitude curves for the X-polarization
derived from averaging the cross-correlations of all of the E-W baselines.
Top panels: Ap (left) and Ac (right); Center panels: B¢, B4; Bottom panels:
Cy, Cp. The black dots show the transit peaks fitted by Gaussian function.
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Figure 15: Same as Fig. 14 but for Y polarization.

For example, the E-W profile for the X-polarization of the
ith feed on cylinder A can be obtained by averaging over its
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cross-correlations with the B cylinder as
PXAp) = DT> VER 5y, @)
voJ

We collect such profiles for cylinder A and denote it as Ap.
In Fig. 14 and Fig. 15, we plot these amplitudes.

The general shape of the profiles for the same cylinder ob-
tained with different cross-correlation cylinders (e.g. Ag and
Ac) are quite similar with each other, giving confidence in
this method. Also, the X- and Y-polarizations for the same
cylinder are very similar to each other, suggesting that the
deviations are due primarily to the misalignment of the in-
stallation angle for the feeds. However, we note that this mis-
alignment does introduce a small pointing error in the data,
which should be accounted for to estimate the precision of
the observation.

The beam center of each feed can be estimated from the
center or peak position of the cross-correlations. Assuming
the beam center to be a; for feed Al and b,, for feed Bm. The
cross-correlation beam center will be %(a, + b,,). The cen-
ters of the cross-correlation beams are shown as black dots in
Fig. 14 and Fig. 15. The minimum variance solution for the
beam center of the feeds is then given by (see the Appendix
for derivation)

_ 1 MQAB 1 = AC 1 ShS BC 5

al—M; [’m+Nn:1¢Ln_mmZ:1nZ:;ymﬂ (5
1 N 1 L 1 N L

b= D Ot T D IR 22 ©

L L M

= g 2 L g L
where a;, by, ¢, are the solved beam pointing for feed Al, Bm,
Cnin cylinder A, B, C. L = 31, M = 32, N = 33 are the feed
numbers. 6, ¢, y are the observed cross-correlation beam cen-
ter. The distribution of the solved beam centers is drawn in
Fig. 16.

Finally, in Fig. 17, we show the FWHM of one cut through
the beam pattern from a pair of antennas as a function of fre-
quency. The pattern is measured repeatedly in the E-W direc-
tion by observations of the transit of Cyg A on 7 successive
days. For each transit and each visibility we fit a Gaussian
shape to the magnitude of the visibility as a function of time.
The measured pattern is effectively the geometric mean of
the patterns of two dishes, which are nominally coaligned.
Day-to-day fluctuations of the FWHM are less than 3%. We
also plot the case of a diffraction - limited circular aperture
(1.0281/D.g with Deg = 0.9D). Compared with the ideal
case, there are apparent sinusoidal variations in the beam

size. A similar phenomenon was also found to occur on the
CHIME cylinders [28].
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Figure 16: The solved antenna pointings of the X (left) and Y (right) po-
larizations. The pointings are extracted from the cross-correlations with the
baselines in E-W directions. The baselines in N-S direction are not used due
to low SNR of Cyg A in the visibility amplitude.

From the beam profile, we can derive the directivity and
effective area of the antenna. The directivity is given by

Pmax(ev ¢)
Py

D= 8)

where P, (0, ¢) is the maximum power of the antenna, while
the average power is

Pu= o f P9, $)dO2 ©)

V4
so that D = 47/Q,. The effective area of the antenna is

DA?
A —

= (10)

In our case, for a single feed on the cylinder, the simulated
directivity is about 25.2 dBi for X polarization and 24.2 dBi
for Y-polarization, so that, AX = 4.22m?, and AY = 3.35m?
at 750 MHz. These relatively small effective areas are due to
the fact that despite the large total area of the cylinder, for ob-
serving one particular direction, each feed receives only the
wave reflected from a narrow strip of reflecting surface.



LiJ X, etal. Sci. China-Phys. Mech. Astron.

FWHM [Degree]

720 730 740 750 760 770 780
Frequency [MHz]
1.85

1.80r

=
~
S

1.70r
1.65¢

FWHM [Degree]

1.60r

1.55¢

1.50

720 730 740 750 760 770 780
Frequency [MHz]

Figure 17: The mean FWHM of the primary beam in the E-W direction
as a function of frequency using daily transits of Cyg A over 7 days. The
measurement is for the fairly typical baselines A14Y-C18Y and A2X-C17X.
The dots are the fitted beam width at each frequency channel for all days, and
the red line is the mean. The black line shows the FWHM of an uniformly-
illuminated Airy disk with an effective diameter equal to 90% of the cylinder
width (0.9 X 15m).

6 Calibration

Accurate calibration is essential for determining the complex
gain (particularly the phase) of each array element of an in-
terferometer array. Below, we first calibrate the frequency
response (bandpass), and then calibrate the complex gains of
different feed channels using the transit of a strong astronom-
ical point source such as Cyg A (referred as absolute calibra-
tion in this paper). Finally, when a strong astronomical point
source is not available, calibration can be made with the help
of the artificial CNS (referred to as relative calibration in this
paper). The calibration algorithm is described in Zuo2019.

6.1 The Bandpass

We calibrate the bandpass response by analyzing the transit
of strong sources. The bright source Cyg A has a flux of 2961
Jy at 750 MHz [29], and in the frequency range of interest,

5
log$ = > a,[log)]" (11)
n=0
where gy = 3.3498,a; = —1.0022,a, = —0.2246,a3 =

0.0227,a4 = 0.0425. In our observation band (700-800
MHz) the flux difference between the low frequency side and
high frequency side is about 5%.
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We first check whether it is a good assumption that Cyg
A dominates the antenna temperature. In Fig. 18, we plot
the auto-correlations for the B9 and A4 feeds, as well as the
cross-correlations between them, during the different stages
of Cyg A transit. There is a non-zero background level for the
auto-correlations, while for cross-correlations this is expected
to be zero (c.f. Eq.2). We have therefore subtracted the back-
ground for the auto-correlations. As we come closer to the
peak of the transit, the amplitude of the visibility increases,
and the shape of the bandpass becomes more similar to each
other with better SNRs. The bandpass (as derived from the
auto-correlation) for different feeds are not the same, as illus-
trated in Fig. 18, where the shape of the bandpass for B9 and
A4 are different. However, the shape of the cross-correlation
is generally consistent with the square root of the product of
the bandpasses obtained from the two auto-correlations at the
peak of transit, as shown in the top panels by the black curve.
From this trial, we see that Cyg A indeed dominates the vis-
ibility at the peak of its transit, and can be used to calibrate
the bandpass.

In Fig. 19 we show the amplitudes and phases of the vis-
ibilities as a function of frequency at the peak of the Cyg A
transit from the observational data set 2018/03/22 (left col-
umn) and 2016/09/27 (right column). The cross-correlations
of Y-polarization are plotted in the top two rows, and X-
polarizations in the bottom two rows. In each plot, the visi-
bilities are taken from the peak of the transit. Each colored
curve corresponds to one day’s transit; there are 6 days for
the 2018/03/22 data set and 5 days for the 2016/09/27 data.

The amplitude of the visibility as a function of frequency
reflects the bandpass response of the system. As shown in the
figure, the amplitudes are fairly stable and consistent for the
Y-polarization on each day; the day-to-day variation is very
small. However, for the X-polarization of the 2018/03/22
data set (shown the in left column of Fig. 19), the ampli-
tudes are different on each day. After some study, we con-
clude that this is caused by contamination by the Sun, as the
Cyg A transits occurred at about 01:30 UTC (about 07:30 lo-
cal civil time) on these days, and the radiation from the Sun,
which is above the horizon in the East direction, may enter
the beam from the side lobes, because the feeds are directly
illuminated. For the Y-polarization, which is oriented in the
E-W direction, the projected area is at a minimum towards
the East, so it is much less affected than the X-polarization,
whose projected area is maximum in the E-W directions. In
the 2016/09/27 data set (results shown on the right column)
we see the amplitudes have much less variation as the Cas A
transit occurred at about 13:40 UTC (about 19:40 local civil
time), after sunset.

The phase of the visibility induced by a strong point source
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Figure 18: Frequency response as obtained from Cyg A transit, for a cross correlation visibility A4-B9 (top) and two auto-correlations, A4-A4(middle) and
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is given by —27%7i - Ei_j +¢;;j(v), where  is the direction of the
source, and Ei ; 1s the baseline. After subtracting out the term
proportional to the frequency v, the residual reflects the in-
strument phase ¢(v). We have compared the phase with the
first day’s phase. As expected, the phase drifted away from
this value on subsequent days, but during each day the instru-
ment phase is nearly constant over frequency; the fluctuations
are due to noise. Remarkably, the phase frequency structures
are quite similar to each other on different days. Again, the X-
polarization for the 2018/03/22 observation is an exception,
where the influence of the Sun can not be neglected.

6.2 Absolute Calibration

When a strong point source is transiting through the primary
beam of the telescope and dominating the visibility, the visi-
bility for a pair of elements i and j is given by

0 _ *
Vij—SCG,»Gj, (12)
where S . is the flux of the source,
G; = giAi(g)e ™ (13)

where A; is the beam pattern of array element i, 71 is the unit
vector in the direction of the source and i; is the coordinate
of array element i in wavelength units. In matrix form,

Vo = S.GG". (14)

G is an eigenvector of V. If noise is present but small com-
pared with the calibrator source and statistically equal in all
elements, i.e. V = Vy + N, where N is the noise co-variance
matrix, the vector G could be obtained by principal compo-
nent analysis (PCA): solving the eigenvector of matrix V,
with the eigenvector associated with the largest eigenvalue
identified as G. This is also the least square solution of the
form V = gg' (for proof and more details see Zuo2019).
Thus, for each time and frequency point, a solution of the
complex gain can be obtained using this eigenvector decom-
position method. This method of calibration is however only
applicable when a strong point source is transiting, which re-
stricts its usage.

In Fig. 20, we plot the variation of the gains during 5 days
with respect to the first day, as obtained from the absolute cal-
ibration with Cyg A transits. The top panel shows the vari-
ation in amplitude as a percentage, and we find that most of
the variations are within +5%. The phase variation are mostly
within 0.2 radians. Part of these variations are true variations
in the gain of the receivers, while part may be due to the error
in the calibration process, which has a limited precision. At
present, these two can not be distinguished.
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Figure 20: The distribution of receiver gains is shown as a percentage vari-
ation in amplitude (top) and radian variation in phase (bottom), for all po-
larization channels and frequencies at the peak of Cyg A transits over five
days.

6.3 Relative Calibration

The CNS which broadcasts periodically can be used for rela-
tive calibration at any time. The CNS is located near the array
and the contribution to the visibility caused by its radiation is

VNS oc 5, 2T ) )

where 7 and 7; are the locations of feeds i and j respec-
tively, and 7; and 7; are the displacement vectors from the
noise source to the positions 7 and 7;. The noise source in-
duced visibility can be obtained by subtracting the noise on
and noise off values:

Vi(}n _ Viojrf ~ ClGijle—iZIWAT,-je—ier(r;—r_/-)//l‘ (16)

Here, C is a constant and At;; is the equivalent instrument de-
lay difference between the channels i and j, which are mostly
due to the variation in the cable length for the two channels.
We see that unlike the absolute calibration with the astronom-
ical source, in the relative calibration only the variation of the
difference between the phase of a pair of signal channels is
directly determined.

We have used two approaches to deal with this problem:
calibration based on individual feed channels, and calibration
based on feed pairs.

Individual Feed Channels. In the approach based on in-
dividual feed channels, one tries to obtain the complex gains
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for all the feed channels by making a best fit solution to all
baselines. As there are many more baselines than the number
of array elements, it is possible to obtain a best fit solution to
the phase of the individual elements. However, note that there
is an inherent degeneracy: if we add a time-dependent but
identical instrument phase to all elements, there is no observ-
able effect. This problem can be solved by imposing a phys-
ically motivated “gauge condition”: assume that as ¢t — 0,
the changes of phase for all elements should go to zero. So
we adopt the condition that the total phase variation for all
elements are to be minimized at short time intervals. In this
way, a solution can be obtained for each feed input channel.
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Figure 21: A comparison of the phase of the gain calibrated by the CNS
(blue) and Cyg A (green). From top to bottom, the feeds are A20X, B22X,
C23X. The vertical dashed line indicates the transit time of Cyg A.

In Fig.21 we compare the phases obtained by relative cal-
ibration and absolute calibration during the transit of Cyg A.
The phases obtained from the relative calibration stay nearly
constant. The phases obtained by the absolute calibration
change rapidly as Cyg A comes to the center of the beam.
This variation is not a real variation in phase, but simply an
error in the absolute calibration: the absolute calibration is
only viable when the point source is dominating, and when
the source is outside the beam center the result is not reli-
able. However, once in the center, the absolute calibration
also yields nearly constant phases. The absolute and relative
calibrations agree with each other for the duration of the peak
of transit.

Feed Pairs. In the approach based on feed pairs, instead
of trying to solve for the complex gain g; of each channel i,
we simply calibrate each pair of channels. In principle, the
“gain” for pair i, j should simply be g;g’, but as discussed
above, this can not be obtained directly and has to be solved
in the relative calibration. Instead, one may define a complex
gain associated with each pair of input channels,

Gij = |Gijle™>™47 (17

which can be directly inferred from the visibility of the CNS.
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Here the change of instrumental phase for the visibility of
each pair of input channels can be obtained directly by mon-
itoring the CNS signal, without using the complex gain of
individual input channels. The computation is also much sim-
pler in this approach.

To check the precision of this approach, we can employ
the closure phase relation. If a strong radio point source or
the CNS at position 7 with flux S, dominates the received
signal, the visibility is given by

Vij = g gjAL (A ()S ge 2™, (18)

We see that the quantity V;;VV}; should be a real number.
Thus, if we write the visibility in the form V;; = |X/ij|ei¢f/,
then we shall have

®ij + G + P = 2N, (19)

where N is an integer. In the relative calibration based on
feed pairs, each Vj; is individually calibrated, so the closure
phase relation may break if the calibration fails. We can use
this closure phase relation to check the validity of relative
calibration.
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Figure 22: The closure phase for CNS induced visibility of three pairs
of channels. red: A1X-B32X-C1X; blue: A1X-B2X-B21X; green:B22X-
B23X-B24X.

In Fig.22 we plot the closure phase for a few feed channel
pairs using the visibilities induced by the CNS over 5 consec-
utive days. Here we consider three cases: (1) three feeds are
all located on different cylinders (red curve); (2) two of the
three feeds are located on the same cylinder, but are some dis-
tance away from each other (blue curve); (3) the three feeds
are adjacent ones on the same cylinder (green curve). We see
the deviations from zero are all relatively small (< 0.02 rad)
for most of the time, but become larger around the local noon
time when the Sun is transiting through the beam, during
which the single dominant source approximation for the CNS
is slightly broken.
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In Fig. 23, we plot the distribution of the closure phase
of feed pair gains G;; calibrated with the CNS for all com-
bination of baselines and 100 frequencies. This shows that
the closure phase is centered around 0, with small deviations.
o4 = 0.0015 rad, which provides an estimate on the achiev-
able precision of the calibration of feed pair gains.
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Figure 23: The distribution of closure phase of baseline gains G;; for all
combinations of baselines and 100 frequencies of the calibrated data set
2016/09/27.

6.4 Stability

Using the relative calibration method, the variation of com-
plex gains throughout the day can be tracked. In Fig. 24,
we show the gain of a few typical individual feed channels
during 6 consecutive days, with the top panel showing the
change in amplitude as a percentage and the middle panel
showing phase. For comparison, the ambient environmental
temperature variation during this measurement is plotted in
the bottom panel.

The variation of the gain seems correlated with that of tem-
perature, especially for the phase. For different polarization
channels, the variations of phase are quite diverse, though ap-
pear to be well-correlated with the temperature. For example,
the phase of A28Y (green curve) varies very little, while for
A15X (red curve) and C22Y (blue curve) the phase variation
is much larger and in the opposite sense. These variations are
probably induced by the thermal expansion and contraction
of the optical fiber length. As the optical cables are about
8 km long, the change in their length could be significant.
The optical fibers within the cable are in different positions
and have slightly different temperatures, so it is also not too
surprising that each of them undergoes different amounts of
expansion or contraction, and some even stay constant. To
verify that the majority of the instrument phase change comes
from the optical fibers, we measured the round trip delay of
the optical cable continuously throughout a whole day and
indeed found the changes similar to that of the phase of the
complex gains.

The change of the amplitudes of the gains are more irregu-
lar, though some correlation with temperature change can still
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be seen. The gains during the night (lower temperature) are
higher than during the day (higher temperature), consistent
with our expectation for the gain of amplifiers.
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Figure 24: The variation of the gain amplitude (top panel, shown as a per-
centage) and the phase (middle panel) of 3 typical feed channels A15X (red),
A28Y(green), C22Y(blue), and the corresponding temperature (bottom) for
6 consecutive days starting from 2018/03/22.

Some rapid changes are understood to be caused by some
external events. For example, the sudden changes at the posi-
tion marked with “a” in the figure is probably associated with
the change of the dish array pointing at that time. The dish
array motor generates some RFI, and the change in pointing
of the dish may also change their reflection of some radio
waves. The position marked with “b” may be associated with
the Sun. However, surprisingly, the variations of the phases at
those times are still regular. Still, the causes of some changes
remain unknown.

We note here that the gains are obtained by relative cali-
bration with the CNS. The CNS signal is received in the far
side lobes of the receiver feeds. The amplitude may be more
susceptible to small changes, e.g. the slight swing of the feed
by wind which could shift the side lobe significantly. This
suggests that the amplitude of the gain calibrated with the
CNS should be used with caution.

Given the relatively calibrated complex pair gains, the
variation of each pair over time can be characterized by the
standard deviation (STD). A distributions of the STDs of the
phase variation in the pair gain for different baselines and
frequencies during the course of 5 days are plotted in Figure
25, where we also distinguish the whole day (top), day time
(middle panel) and night time (bottom channel) cases. For
this figure, the day time is defined as 6 AM to 6 PM local
civil time, and night time 6 PM to 6 AM local civil time.

The peak value of the daytime STD is around 0.3 rad and it
extends to 1.0 rad, while the peak value of nighttime STD is
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around 0.1 rad, and extends to less than 0.5 rad. This shows
that the phase variation in nighttime is much smaller than in
daytime.

2.0

=
n

=
=

STD. distribution

o
0

0.5 1.0 1.5
STD. of phase variation [radian]

N

=
o

STD. distribution
=
=

o
U

o
==}

0.5 1.0 15 2.0
STD. of phase variation - Day [radian]

05 1.0 15 2.0
STD. of phase variation - Night [radian]

Figure 25: Distribution of the STD. of the phase of complex gain variations
for whole day(top), day time (middle) and night time (bottom) over 5 days.

7 Sensitivity and System Temperature

The visibilities obtained after the above calibration procedure
are still in ADC units. In order to determine the sensitivity
and system temperature, we use a bright point source as a
calibrator to convert the visibility to the antenna temperature.

If we observe a strong point source such as Cyg A, at the
peak of its transit of the beam, in the direction of #, with flux
density S, the spectral power received in one polarization by
the receiver is

1
P, = znAefi)sSO (20)

Here, the effective area A, is for the direction of maximum
response, fys = f(7) is the beam profile in the direction of the
point source normalized to fi,x = 1, and the efficiency factor
n < 1. The radiation from the point source induces an an-
tenna temperature T+, with P, = nkT*"°, where k is the Boltz-
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mann constant. If the raw visibility (in ADC units) of chan-
nels a, b is related to the antenna temperature by V¥, = CTY",
we can determine the constant C using either the mean auto-
correlation or the variance of the cross-correlation.

For the cross-correlation, the variance of the visibility is
defined as 0%, = |V — Vpl*), which is given by

ab

sys
T (2D
V206v ot

where 6t is the integration time and v is the bandwidth. One

O'abZC

can then infer Ty from the variance of measured visibilities:

T = i:;ﬁ TP \26vot. (22)
ab

The system temperature associated with the a, b channels is
a geometric average of the system temperature for the a,b
channels,

TS = \JT4 T (23)

From the system temperature of the pairs, Ts"y”s, one can
solve for the system temperature associated with individual
feeds. A method of solution using only different cylinder
cross-correlations is given in the Appendix, and it is the same
formula as the least square solution for the determination of
the center of the beam from cross correlations in Sec.5.

To derive the system temperature using the cross-
correlation fluctuation (Eq. 22) requires knowing the antenna
temperature, which depends on the effective area of the an-

tenna. The oft-used system equivalent flux (SEFD, in units

of Jansky) is
2kT gys Oap V26Vt
SEFD = = fosSo— - 24
Ae fps 0 VE; ( )

Regardless of the value of the antenna effective area and beam
response, we can determine ( fps)‘1 SEFD, which is given en-
tirely by the observational data.

Fig. 26 shows the SEFD derived using the cross-
correlation data collected during the transit of Cyg A on
2016/09/28. We arrange the feeds according to their cylinder
and polarization (horizontal) and feed number (vertical). The
malfunctioning feed channels are masked (shown as white
blocks in the figure), and the A (B) cylinder has only 31 (32)
feeds, hence the 2 (4) white blocks at the bottom of their re-
spective columns.

The mean SEFD for all feeds as derived from the fluctua-
tion of cross-correlations is (fs)"'(SEFDy) = 7.467 x 10* Jy
with variance ox = 1.097x10*Jy; (fps)‘l(SEFDy) =9.792x
104 Jy with variance oy = 1.774 x 10* Jy.



LiJ X, etal. Sci. China-Phys. Mech. Astron.

0 200000
. 180000
5_
- 160000
10} — 140000
{ 120000 3,
515 9
8 100000 &
u a
0
ok - 80000 &
- 60000
25|
. 40000
30k . 20000
0

X oY BX BY AX A
Cylinder and Polarization

Figure 26: The fp’sl SEFD of all feeds derived from the cross-correlation
data during the Cyg A transit on 2016/09/28.
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Figure 27: The Ty of all feeds derived from the cross-correlation data dur-
ing the Cyg A transit on 2016/09/28.

Using the CST simulation described in Sec. 5 we find
= 09795 and f,; = 0.9908, which are fairly close to
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1. The effective area is AX = 4.22m?, and A} = 3.35m>.

Table 4: The mean Ty of different cylinders and polarizations.(Unit: K)

L Cylinder
Polarization
A B C All
X 1241 94.8 121.1 113.1
Y 1403 96.7 112.0 1164
All 1323 957 116.6 114.7

We estimate the average system temperature to be Ts’_f/s =
113.1K and TS’;S = 116.4 K, and the average for all cylinders
and polarizations is 114.7 K. The system temperatures for
the feeds are plotted in Fig. 27, and the averages for different

cylinders and polarizations are listed in Table. 4.

From the Figure, we see there are obvious differences in
the system temperatures for the feeds on the three cylinders.
Many feeds on Cylinder A, especially the Y (E-W) polariza-
tion ones, have high system temperatures, with an average
of 140.3 K. The average system temperature for both polar-
izations is 132.2 K. By comparison, the feeds on Cylinder B
have much lower temperature, with an average of only 95.7
K. The feeds on cylinder C are somewhere between these
two, with an average of 116.6 K. There are also some vari-
ations within each cylinder, with some particularly high and
lower ones. It is not known why the system temperatures dif-
fer so much. One factor is that the B cylinder is in the center,
so it may be less affected by RFI and stray radiation. Cylin-
der A on the East is closer to the dish array, which may have
some impact on the system temperature.

Generally speaking, the system temperatures we found for
the cylinder array feeds are comparable with what we see
on the dish array (F. Wu et al.,in preparation), which shares
similar electronics. The variation of system temperature for
different feeds should be taken into account when making
synthesized images from the visibility data to make optimal
maps.

Finally, we consider how the variance of the visibilities
scales as a function of integration time. In Fig. 28 we plot the
variance for different integration time scales while observing
a relatively blank sky using data on 2018/03/22. For a typi-
cal baseline, for example A1Y-B2Y (top panel), the variance
drops steadily as the integration time increases. However,
for the feed pairs which are very close to each other, such as
A1Y-A2Y (bottom panel), the variance hits a floor after just
about a minute of integration, showing the strong coupling
and correlated noise in the short baselines. Thus, at least for
the longer baselines, the sensitivity can be improved by accu-
mulating longer integration time.
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Figure 28: The variance for different integration time scales while observing
a relatively blank sky using data on 2018/03/22. Top: variance of baseline
A1Y-B2Y versus integration time (averaged visibility). Bottom: for baseline
A1Y-A2Y.

8 Conclusion

Neutral hydrogen, ubiquitous throughout cosmic history
since recombination, is a potentially powerful tool for cos-
mological observations. To achieve high precision measure-
ments of the redshifted 21 cm emission, a number of ded-
icated 21 cm array concepts have been built or are under
construction. Even more ambitious arrays, involving tens of
thousands of antennas [30, 31], have been proposed. Dedi-
cated 21 cm arrays have some common design features de-
termined largely by the nature of the observation and cur-
rent technology. They all use large numbers of relatively
small, inexpensive antennas. The antennas are either fixed,
or can only move in elevation, and the observations use ei-
ther a drift scan mode, or track the target with electronically
steered beams. With computing power following Moore’s
law scaling and price per computing operation and of data
storage continuously dropping, this approach enables arrays
of very large scales to be built with a very moderate cost.
Based on simple forecasts, the projected capabilities of these
arrays are very impressive (see e.g. Ref. [7,32,33]). How-
ever, extracting scientific results from these arrays poses a
number of challenges. For example, these arrays produce a
huge amount of data. In addition, with small antennas and
uncooled receivers the SNR of the raw data is relatively low;
only a few bright sources are available for simple point source
calibration, and as the antennas are not movable, calibration
with strong point sources can only be performed occasionally.
Furthermore, while for forecasting it is customary to assume
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that the antenna responses are identical, in reality each unit
is somewhat different. It is crucial to develop technologies
to handle the data from such arrays, and to test the key tech-
nologies in order to gain some concrete experience and ex-
pose possible problems. The Tianlai pathfinder arrays were
built expressly for this purpose.

In this paper, we first described the system functions of
the Tianlai Cylinder Pathfinder (Sec. 2). The hardware
(Sec. 2.1) consists of three cylinder reflectors and a total of
96 feeds, the optical analog signal transmission system, the
down-converters which convert the RF signal to IF, and the
digital FX correlator which produces the visibilities. We also
briefly introduced the observational data sets (Sec. 2.2) and
basic procedures for data processing (Sec. 2.3). The noise
figure of the LNAs and the linearity of the system is described
in Sec. 3.

We then presented analysis of the observational data (Sec.
4). We showed a few examples of the raw visibilities, from
which we can see that they have a simple repeating pattern
day after day, showing the system is generally stable. Tran-
sits of bright sources can be recognized, or become visible
after a noise background is removed. We also find that the
correlated noise is stronger for feeds close to each other on
the same cylinder, making it harder to use the visibilities from
nearby pairs.

In Sec. 5 we studied the beam profile of our telescope.
We used electromagnetic simulations to obtain the beam pro-
file of the cylinder in the 700-800 MHz frequency range.
We then measured the beam profile in the E-W direction by
analyzing auto-correlations and cross-correlations using the
strong source Cyg A, which passes very close to the zenith
during its transit of the meridian. The general shape of the
beam is consistent with the simulation, but a few feeds are
slightly misaligned, with an error at the level of ~ 0.15°, con-
sistent with what one would expect for the precision of instal-
lation using mechanical tools. This is an example of the small
non-uniformity which occurs naturally in the construction of
large radio arrays. Not taking into account such differences
can induce errors in the final data.

Calibration is a crucial step for the processing of interfer-
ometer array data, and we presented our research in Sec. 6.
First, we performed bandpass calibrations for individual vis-
ibilities, and found relatively stable results. The bandpasses
obtained for the cross-correlation visibilities are consistent
with the product of the bandpasses of individual feeds, as ob-
tained from the auto-correlations. More important is the cal-
ibration of complex gains. For an array with a large field of
view and low sensitivity, such as the cylinders, a special chal-
lenge is that on the one hand, there are few sources which are
bright enough to be “seen” directly in individual visibilities,
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and on the other hand, it is very difficult to construct a sky
model that has enough precision over the large field of view
to include all sources that contribute to the visibility. In our
experiment we tried two methods of calibration. In what we
termed absolute calibration, we use the transit of the strong
astronomical source Cyg A to solve for the complex gain of
each input channel, using the eigen-decomposition method
we developed earlier [26]. At other times, we use a calibra-
tion signal broadcast from an artificial source to perform what
we call relative calibration. The results of the two methods
are compared for the period when they overlap, and distri-
butions of the complex gains are given. The distribution and
variations of the gain are plotted, and the phase of the gain is
found to be strongly correlated with the environmental tem-
perature. We also checked the precision of this method using
the closure phase relation.

Finally, in Sec. 7, we estimated the SEFD and system tem-
perature of the array feeds using the ratio of visibility and its
fluctuation during the transit of Cyg A. We found that feeds
on cylinder A have generally higher system temperature, av-
eraging 132 K, while feeds on cylinder B have the lowest sys-
tem temperature, averaging 95.7 K. The average system tem-
perature for all feeds is 113 K for X polarization and 116 K
for Y polarization. This is in general agreement with the sys-
tem temperature obtained for the Tianlai Dish Array, which
has similar electronics. We also examined how the variance
of the visibility scales with time. For long baselines the vari-
ance decreases steadily as integration time increases, showing
that the measurement error could be reduced by accumulat-
ing more data. However, for shorter baselines the variance hit
a floor after a short time, presumably caused by the coupling
between nearby feeds. At least for the baselines across differ-
ent cylinders, higher sensitivity can be achieved with longer
integration time within the range we tested.

In this work, we have only studied a small fraction of the
data set collected so far, and presented only some basic per-
formance characteristics. There remain many problems to be
solved, for example, the cross-coupling between feeds, the
determination of the beam profile in the N-S direction, cali-
bration methods of better precision, map-making, foreground
subtraction, etc. More thorough analyses of these problems
will be investigated in a series of future works.
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Appendix A System Temperature of Channels
from Cross Correlation Pairs

We have assumed the variance of the visibility is given by

2

7 T
o = Vo = Val?) =il =22 qa)

However,in fact, the system temperature here is actually the
geometric mean of a pair,

T2, =T.Tp. (a2)

How do we obtain each system temperature, T,, for the indi-
vidual feeds?

If we take €, = log(Ts ap), €u = logT,, £, = log Ty, we
have
fa + [b

> (a3)

Loy =

(2020) Vol. No. 000000-25

Now ¢, for all pairs is known, and we need to solve for ¢,.
We use the average over many pairs to reduce fluctuations,
and, to avoid the effect of cross-coupling between feeds, we
only use correlations for pairs on different cylinders. (Note
that, this method can also be used to solve for the beam point-
ing in Eq. 7 for individual feed from the baseline beam point-
ing. One can simply regard £, as the pointing of individual
feed and ¢, as the transit peak time of the pair.) The solution
of this mathematical problem is as follow.

Without loss of generality, we consider the feed a on cylin-
der A,

R 1
Caa(B) = Na Z Caa)BD) (ad)
b
1 1
= 5t - ; ). (a5)

Introducing the notation

1
Lp=— &, 6
B NB;b (a6)

we have

R 1 - 1

Caa(B) = z(an + Lp), l4a(C) = E(an +Lc). (a7)
Similar equations can be obtained by cycling through A, B, C.
Thus, the formula for getting the €4, using all different cylin-
der cross correlations is

o ” 1
Caa = Laa(B) + L4q(C) - E(LB + L¢). (a8)

If we know Lg and L we can obtain the desired results.
To obtain L4, Lg, Lc, we note that

A 1
; lra(B) = 5(; €aq + NaLp),
using Eq. (a4), and we have
~ N,
2 laaB) = (Lo + Lp). (29)
a

Thus, we have

2 o
LA + LB = NANB az’h: f(Aa)(Bb) (3.10)
2 N
Lp+Lc = 4 ¢ 11
A bZC: (Bb)(Ce) (all)
2 o
Le+1y = Piconna. 12
c+la = 3N, ; (Co)Aa) (al2)

Note the R.H.S. is entirely known from the observations.
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Substituting these expressions into Eq.(a8), we finally find - 1 Y ! y . Vs
Ce = (Co)Aa) T (Bb)(Cc) (Aa)(Bb)-
the solution to be Ny zal Npg Zh: N4Npg ;

(al3)

1 1 1 .
Cag = o Z CiAayBb) + T Z Lcoraa) — o Z LBbyCo) Thus, applying Eq. (al3) we can get the system temperature
B €7 BYC e for each feed from the cross-correlation of feed pairs.

1 1 !
{pp = N_C Z g(Bb)(Cc) + N_A za: f(Aa)(Bb) - NeNa ; g(CC)(Aa)
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