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Introduction

The observable Universe in comoving scale
(Ansari et al. 2019)

21cm line—the ultimate cosmological probe

primordial 
fluctuation

Epoch of 
Reionization (EoR)

post-EoR



21cm Intensity Mapping

HI galaxy survey

HI galaxy spectrum

Ansari et al. 1108.1474



Tianlai (天籁) Array

• Intensity Mapping is potentially very powerful, a 
new technique, everyone on the same starting line

• An 21cm intensity mapping experiment in China
• Array Size: ~ 100 m  for BAO

The concept of “tianlai”-- the heavenly 
sound was coined by ancient Chinese 
philosopher Zhuang-Zi (Chuang-Tzu, 369BC-
286BC) 



Realization

Cylinder Array:
• large FoV, cheap
• design size: 40m 
• actual size: 12.4m in center

Dish Array:
• dish array is historically more successful
• dense array to achieve complete uv coverage



The Tianlai site and setup



Site selection
Balikun County, Hami City, Xinjiang, China

天线阵和站房

LiJ X ,etal. Sci.C hina-Phys.M ech.A stron. (2020) Vol. N o. 000000-4

Figure 2 R adio environm entm easured atthe H ongliuxia site.H and V correspond to horizontaland verticalpolarization,respectively.A ngles correspond to

the orientation ofthe testantenna.The change at300 M H z isdue to di↵erentam plifierused in the m easurem ent.

nalin the E-W direction,w hile allow ing a w ide field ofview

(FoV ) in the N -S direction. The Tianlaicylinder reflector is

fixed on the ground,and atany m om entits FoV is a narrow

strip running from north to south through the zenith. W hile

the reflectors allow the FoV to run from horizon-to-horizon

in the N -S direction,the beam ofthe feeds lim its the strip to

±60◦ from zenith [29]. A s the Earth rotates,the beam s scan

the northern celestial hem isphere. (The latitude of the tele-

scope site is 44◦ ,so the FoV extends from −16◦ declination

up to +90◦ and back dow n to +76◦ on the otherside).

From eastto w est,the 3 cylinders are denoted cylinderA ,

B ,C respectively.Each has been installed w ith a slightly dif-

ferent num ber of feeds, 31, 32 and 33, respectively. From

north to south,the feeds in each cylinderare labeled in num -

bers 1,2,3,.... The northernm ost (or southernm ost) feeds

A 1, B 1, C 1 (or A 31, B 32, C 33) are aligned, and the dis-

tance betw een the northernm ost and southernm ost feeds is

12.4 m . The currently installed feeds occupy less than half

ofthe cylinder;the rem aining space isreserved foradditional

feeds for future upgrades. Since the feeds are evenly dis-

tributed,thisresults in di↵erentfeed spacings foreach di↵er-

entcylinder:41.33 cm ,40.00 cm and 38.75 cm ,respectively.

This arrangem entis m ade to reduce the grating lobe,w hich

is generated due to the degeneracy in arrivaltim e forsignals

from di↵erentdirections w hen the spacings betw een adjacent

feeds are larger than half a w avelength. A s the spacings of

the three cylinders are slightly di↵erent, their grating lobes

are also slightly di↵erent,so the grating lobe isreduced [18].

Each duallinear polarization feed generates tw o signalout-

puts.W e w illuse X to denote the outputforthe polarization

along the N -S direction and Y along E-W direction. Each

signalchannelisdesignated by itscylinder,feed num ber,and

polarization basis. For exam ple, the E-W polarized output

ofthe 2nd feed in the m iddle cylinder w illbe noted as B 2Y.

The baseline betw een tw o feedsisdenoted by itstw o com po-

nentslinked w ith a hyphen;forexam ple the baseline C 7-B 28

is show n in Fig. 3,and the cross-correlation betw een their

X -polarization channels is denoted asC 7X -B 28X .

Figure 3 The TianlaiC ylinderA rray.The cylinders are aligned in the N -S

direction,w ith a gap of0.215 m betw een adjacentones.The three cylinders

are designated asA ,B ,C from eastto w est,and have 31,32,and 33 feedsre-

spectively.The feedsin each cylinderare evenly distributed,w ith the onesat

both ends (A 1,B 1,C 1 in the north and A 31,B 32,C 33 in the south)aligned

w ith each other.The baseline C 7-B 28 is depicted by the orange double end

arrow asan exam ple.

The system consists of the antennas (cylinder reflectors

and feeds) and the optical com m unication system (optical

transm itter/receiverand cable),w hich converts the radio fre-

quency (R F)electric signalto opticalsignals sentvia optical

fiberto the station house,w hich is located about6 km aw ay



Array Configuration

Regular: each cylinder 32 feeds
regular1: d=0.4m, total 12.4m
regular2: d=0.8m, total 24.8m

Irregular: 31,32,33 feeds
irregular1: <d>=0.4m, total 12.4m
regular2: <d>=0.8m, total 24.8m

Irregular configuration reduced grating lobes

4 J.Zhang etal.
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Figure 1.The PA O N -4 interferom eterconfiguration (left),the regular4 ⇥ 4 array (centre)and the circularTianlaiarray configuration w ith 16 dishes(right).

k = − i2⇡⌫
c n is electrom agnetic w ave vector atthe observation

frequency⌫and c the speed oflight.Forarraysw ith identicalfeeds
pointed to the sam e sky direction,D i(n̂ ) = D j(n̂ ) = D (n̂ ),and
the visibility expression reduces to

V ij =

Z Z

I(n̂ )L (n̂ )ek ·∆ r ij dn̂ (4)

w here L (n̂ ) = D ⇤D is the antenna prim ary beam orresponse in
intensity.

3.1 C lassicalradio interferom etry

In w hatw e referhere asclassicalradio interferom etry,in the sense
thatitisfam iliarto the m ajority ofradio astronom ers,a setofiden-
ticalantennae are used to observe a sm allregion ofsky,usually to
obtain a high resolution im age ofa source.D uring the observation
period all the antennae track the source,com pensating the Earth
rotation.The source intensity I(n̂ ,t) and beam response L (n̂ ,t)
generally varies w ith tim e.H ow ever,even in the case of constant
sources and constanttelescope prim ary beam s,the baseline delay
k ·∆ r(t)w ould stillvary w ith tim e,due to the rotation ofthe base-
linegenerated by therotation oftheEarth w ith respectto theinertial
fram e ofspace,asshow n in the variation ofcelestialcoordinatesof
the baseline direction.

Forobservations w ith sm allfield ofview ,itis possible to use
the flatsky approxim ation in the vicinity ofthe source.Fora copla-
nararray and using the sm allangle approxim ation (om itting the so
called w -term ),the visibility isgiven by

V (u0,v0) =

Z Z

I(⇠,⌘)L (⇠,⌘)e2i⇡ (⇠u 0 + ⌘v 0 ) d⇠d⌘ (5)

w here (u0,v0) = (∆ x/λ,∆ y/λ)isthe coordinatesofthe baseline
vector in w avelength units,and ⇠,⌘denotes the direction cosines
ofthe baseline vectorw ith respectto the reference point.The vis-
ibility in this approxim ation is sim ply the Fourier transform of
the sky seen by a single antenna I(⇠,⌘)⇥ L (⇠,⌘) for the angu-
lar frequencies (u0,v0).G iven the num ber of available baselines
in a real array, and that the baselines of such an array are usu-
ally large com pared to the antenna size,the (u,v) frequency plane
is only sparsely sam pled atany m om ent.H ow ever,each baseline
changes as the antennae follow the source direction on the sky,
the (u0,v0) follow s an arc-shaped track in the (u,v) plane, en-
hancing greatly the frequency plane sam pling.Itis possible to ob-
tain a localsky m ap (dirty m ap) around the targeted position us-
ing an inverse Fouriertransform .A dditionalprocessing isrequired

to correct and com pensate for the partial coverage of the angu-
lar frequencies. Iterative deconvolution algorithm s, e.g. C LEA N
(H ögbom 1974;C lark 1980),are applied to recoverthe m ap ofthe
sky (Sault& O osterloo 2007).M ap ofa large area ofsky can be ob-
tained by m osaicking ofsm allareas(K im 2007;M cEw en & Scaife
2008).H ow ever,if the field of view is large,the w -term can not
be neglected.A num berofform alism shave been developed to deal
w ith this,such as faceting (C ornw ell& Perley 1992),3D Fourier
transform (Perley 1999),w -projection (C ornw elletal.2008),A -
projection(Tasse etal.2013),w -stacking (O ffringa etal.2014),etc.
O therrefinem entofthe C LEA N m ethod have also been developed,
such as the the softw are holography (M orales & M atejek 2009)
w hich can dealw ith direction-dependentbeam effectsin large field
of view interferom eter arrays. Its application to the analysis of
M W A observations can be found in (Sullivan etal.2012).

3.2 N on-tracking transitinterferom eters

Forinterferom eters operating in the transitm ode,the baselines do
not change w ith tim e in the ground coordinates, at least during
an observation period spanning a siderealday,butthe visibilities
recorded as a function oftim e correspond to observation ofdiffer-
entpartsofthesky.W ew illw ork in theequatorialcoordinates,w ith
rightascension ↵ and declination δ.W e also introduce the spherical
coordinates (✓,' ),w ith ✓ = ⇡ /2 − δ and ' = ↵.The earth ro-
tation m akes the beam s tim e dependentand the effectcorresponds
to a shiftofthe beam s L ij(n̂ ) by an offsetangle ↵p (t) along the
rightascension direction:

↵p (t) = ! e t t :siderealtim e (6)

L ij(n̂ ,t) = L ij((✓,' ),t) = L ij(✓,' − ↵ p(t)) (7)

w here ! e isthe Earth angularrotation rate (2⇡ /24 siderealhours).
In the celestialcoordinates,the visibility ofa baseline atany

given tim e corresponds to the convolution of sky w ith the beam
pattern forthis baseline L ij(n̂ ,t).Indeed,using discrete tim e and
discrete angular directions on the sky and using []to denote vec-
tors, w e can w rite the vectorofvisibilities forallbaselinesand for
allobservation tim es as a function ofthe unknow n discretized sky
[I(n̂ )]and the noise vector:

[V ij(t)] = L ij(t)⇥ [I(n̂ )] + [n ij(t)] (8)

The beam m atrix L encodes both the array response and the sky
scan strategy,L ij(t) ⇠ D ⇤

i (n̂ ,t)D j(n̂ ,t)e
ik·∆ r ij .C onsidering

the visibilitiesfora single narrow frequency band,the L m atrix has
N p ixel colum ns,and N t (num beroftim e sam ple)⇥N b (num berof
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14 J.Zhang etal.
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Figure 11.C om parison ofTianlai16-dish circulararray w ith auto-correlation (centre panel)w ith a square 4 ⇥ 4 array (leftpanel).The beam forthe Tianlai

16-dish circulararray,w ithoutauto-correlation signalsisshow n on the rightpanel.4.4⇥4.4 deg2 high resolution area extracted from the reconstructed m aps,

centred on a pointsource position.The colour-scale should be interpreted as the ratio ofthe reconstructed pixelvalues to the single pixelvalue in the input
m ap representing the pointsource.
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Figure 12.The errorvariance m atrix for16-dish array surveys.Left:the square 4 ⇥ 4 array m id-latitude survey;C entre:the Tianlai16-dish circular array

m id-latitude survey;R ight:the Tianlai16-dish circulararray polarcap survey.The scale indicated by the colour-barcorresponds to σn oise = 1 m K
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Figure 13.The transfer function for the 16-dish square (top) and circular

(bottom )configurations.The curves corresponds to three observations fre-

quencies:1420 M H z (blue),1250 M H z (green),1200 M H z(red).

visibilities have been ignored and the large angular scale features
are thus not visible. H ow ever, w e can apply a high pass filter
defined in section 3.7 to sim ulate this effect, W 3 (̀ ) = (1 +
e(`B − `)/∆ `B )− 1 ,w here `B = 120,∆ ` = 10.In the top panel,w e
show the LA B m ap filtered w ith W 3,w ith the dashed lines m ark-
ing the lim its ofthe observed region.The m iddle panelshow s the
reconstructed m ap w ith both W 1 and W 2 filters applied,and re-
stricted to the observed area,w hile the difference m ap is show n in
the bottom panel.
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Figure 14.C om parison of the noise pow er spectrum C n oise (̀ ) at 1420

M H z.The blue and red curves correspond respectively to the square and

circulararray m id-latitude surveys,and thepurple curveto thecirculararray
polarcap survey.

In Fig.16 w e com pare the reconstructed m ap to the high-pass
filtered inputm ap forthe polarcap survey.A gain the reconstructed
m ap resem bles the high-pass filtered m ap except at the borders,
beyond the surveyed region atδ . 75◦ .W e see thatthe m ap re-
construction,transferfunction and noise pow erspectrum com puta-
tion is correctly handled in the polarregion,as w ellas in the m id-
latitude,w hile higher sensitivities could be obtained in the polar
cap area thanks to longerperpixelintegration tim e.
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Cylinder Array Dish ArrayJiao Zhang et al. 2016 MNRAS Jiao Zhang et al. 2016 RAA

Circular Array have more uniform 
coverage in (l, m) space



Array Parameters

Cylinder Array:
• cylinders: 3x40m (NS) x 15m(EW)
• Feeds per cylinder: 31(A), 32(B), 33(C)
• total number of channels: 192
• working frequency: 500-1500 MHz
• Current Frequency: 700-800 MHz
• Frequency Resolution: 0.122 MHz
• Location 91∘48’ E, 44 ∘09’N

Dish Array:
• dish: 6m 
• Number: 16 
• total number of channels: 32
• working frequency: 500-1500 MHz
• Current Frequency: 700-800 MHz
• Frequency Resolution: 0.122 MHz
• Location 91∘48’ E, 44 ∘09’N

The dish array can pointing to different 
directions, but usually work in the drift 
scan mode



Tlpipe (Shifan Zuo et al. 2020): A python software package
http://tianlaiproject.github.io/tlpipe

(Offline) Data Processing Pipeline

RFI masks

Sum Threshold Method+SIR



Beam Simulation

Shijie Sun et al. （2022, RAA)

14 Shijie Sun etal.

Fig.16:Sim ulated radiation pattern of the central feed Y-polarization at0.75 G H z,here ✓is the off-
zenith angle,defined to be positive for north-inclined vectors and negative for south-inclined vectors,
and the azim uth angleφ ism easured w ith respectto the due north orsouth direction.Top panel:reflector
w ith feed array m odel.B ottom panel:reflectorw ith single feed m odel.

the frequency increases from 0.6 G H z to 1.5 G H z,the peak gains allincrease.The X polarization has
highergain than the Y polarization.

14 Shijie Sun etal.

Fig.16:Sim ulated radiation pattern of the central feed Y-polarization at0.75 G H z,here ✓is the off-
zenith angle,defined to be positive for north-inclined vectors and negative for south-inclined vectors,
and the azim uth angleφ ism easured w ith respectto the due north orsouth direction.Top panel:reflector
w ith feed array m odel.B ottom panel:reflectorw ith single feed m odel.

the frequency increases from 0.6 G H z to 1.5 G H z,the peak gains allincrease.The X polarization has
highergain than the Y polarization.



Array Calibration with Unmanned Aerial Vehicle

 
Zhang, J.Y, et al.  

00000-6 
 

wavelength. 

  

Figure 8 A single 6 m dish telescope (left) and the feed 

used in the telescope (right). The feed is a dual-dipole 

antenna supported by four metal struts. The two dipoles of 

the feed are perpendicular to each other, and are oriented in 

the E-W direction and the N-S direction respectively when 

the telescope is pointing vertically up towards the zenith. 

We label these two dipole as H-dipole (horizontal) and V-

dipole (vertical). 

3.2 Flight path planning 

The positions of the Tianlai dish array antennas are 

shown in Figure 9; 15 dishes are distributed in two 

concentric circles around the center dish. In our 

experiment, the No. 6 dish telescope located at the 

southern tip of the close-packed array is chosen to be 

the AUT, so that when the UAV is flying above and 

slightly to the south of the array, it is least affected by 

the other antennas.  

 

Figure 9 Positions of the antennas in the dish array. Relative 

coordinates between each dish and the origin were measured 

accurately by a total station theodolite. 

Two pre-determined geodetic points CK1 and CK3 

are also shown on the map. The D-RTK ground unit is 

placed at the geodetic datum point CK3. By using the 

GPS coordinates in the D-RTK system and the relative 

coordinates between CK3 and the AUT, the distance 

and direction of the UAV with respect to the AUT can 

be calculated. 

The UAV has two flight modes available: (1) the 

continuous flight mode in which it flies along a given 

path with uniform speed; (2) the hovering flight mode, 

in which the UAV flies along the path to a series of 

specific waypoints and hovers for a few seconds at 

each. The hovering time can be adjusted between 1 s 

to 30 s. Since the integration time for the Tianlai dish 

array is about 1 s, it is difficult to use the continuous 

flight mode. Therefore, we use the hovering mode in 

our experiment. During the tests, the UAV requires 

about 2 s to stabilize at each waypoint, so we set the 

hovering time to 5 s in the experiment. 

The UAV was flown along the east-west and the 

north-south directions, forming a cross centered above 

the AUT position as shown in Figure 10. For each of 

these two flight paths, the measurement is taken with 

the polarization of the emitter both parallel to and 

perpendicular to the flight direction. All measurements 

were made when the local weather was a gentle breeze 

to avoid deviations induced by windy conditions. As 

discussed above, the distance to the AUT should 

exceed 192 m to satisfy the far-field condition. During 

the experiment we have made measurements with two 

heights: 300 m and 480 m above the ground (the 

operation is restricted to below 500 m above the 

ground level per regulation). Note the altitude of the 

ground is about 1500 m above sea level. The 

polarization orientation of the dipole is set to be 

parallel (perpendicular) to the flight direction in the E-

plane (H-plane) measurement. Because the 

transmission distance of the D-RTK ground system is 

limited, we set the length of each flight path to be 400 

m. The spacing between adjacent waypoints is 5 m so 

that each flight path has a total of 81 waypoints. 

 

Figure 10 The flight path during the experiment. The flight 

paths were along lines in N-S direction and E-W direction. 

The AUT is at the origin of the coordinate system. The 

arrows show the flight direction of the UAV. 

Juyong Zhang et al. (2021) IEEE Antenna & 
Propagation magazine

Far Field Condition:

 
Zhang, J.Y, et al.  
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shows a comparison between the smoothed 

measurement data and an electromagnetic simulation 

of the transmitting dipole antenna by itself at 730 

MHz. In our flights the transmitting dipole antenna is 

installed either parallel to or perpendicular to the nose 

of the UAV (i.e. the direction of the flight path). In the 

parallel case, the E-plane of the transmitting dipole 

affects the measurement, while in the perpendicular 

case, the H-plane affects the measurement. So, in 

Figure 7 we plot the beam profile in the E-plane for 

the parallel case; and H-plane for the perpendicular 

case. In either case, with the transmitting dipole 

located below the UAV, the downward direction is 

defined as 0° and the direction of the UAV nose is 

defined as -90°. In our experiment, the maximum 

angle between transmitting antenna and the AUT is 

about 23°, so here only beam angles of up to +/-25° 

are compared.  

 

 

Figure 7 Comparison of the simulated and measured beam 

patterns of the transmitting dipole antenna at 730 MHz. The 

top panel shows the H-plane for the case of transmitting 

dipole perpendicular to the flight direction, the bottom panel 

shows the E-plane for the case of transmitting dipole parallel 

to the flight direction. The red curve is the simulated pattern 

of the dipole by itself, the blue and black curves are the 

smoothed pattern from measurements with only the 

shielding box mounted, and both shielding box and UAV 

mounted, respectively. In data processing, we correct the 

AUT’s beam according to the measured beam of the UAV-

equipped transmitting antenna. 

Note that these measurements of the transmitting 

dipole are taken on the ground, so the difference 

between the measurements and the simulation is not 

entirely due to the effect of the attached shielding box 

and the UAV, but may have some contributions due to 

ground reflections. Nevertheless, the difference 

between either of the two measurements and the 

simulation is not large, the biggest difference within 

the range is less than 0.5 dB for the E-plane and 1 dB 

for the H-plane, and near the center the difference is 

even smaller than this. Below, we use the measured, 

smoothed UAV-mounted dipole beam for correction.  

As shown in Figure 7 the beam profiles of the 

transmitting dipole are slightly asymmetric, and in our 

measurement of the AUT we also found slight 

asymmetry in the raw data at the level of 1-2 dB. 

Applying the correction reduces the asymmetry in the 

measured beam of the AUT.    

2.3 Receiver of the dish telescope 

The calibration signal is collected by the receiver 

system of the dish telescope. After amplification by 

the low noise amplifier (LNA), the received signals are 

transmitted to the telescope correlator through optical 

fibers. Each dish telescope receives two signals 

through a dual-dipole feed (described in section 3.1). 

There are 512 frequency channels currently in the 

receiver system and each channel covers about 244 

kHz, corresponding to the frequency band of 685-810 

MHz [11]. The integration time is 1 s and the dynamic 

range is about 30 dB.  

3 BEAM CALIBRATION OF DISH 

TELESCOPE 

3.1 The 6 m dish telescope 

A Tianlai dish telescope is shown in Figure 8. It has a 

diameter of 6 meters, with metal mesh reflector and 

primary focus feed. The antenna has an altazimuth 

mount. During the measurement, the telescope is 

pointed to 180° azimuth (due south) and 88.5° in 

elevation (near the zenith). This high elevation angle 

is chosen to reduce the ground pickup as much as 

possible. The dual linear polarization feed of the dish 

is of a crossed-dipoles type, with one of the dipoles (H) 

oriented horizontally (parallel to the elevation axis of 

the telescope, along the E-W direction), and the other 

(V) is oriented along the N-S direction.  

For this dish, in the observation band of 700-800 

MHz, the minimum far field distance is (taking the 

frequency of 800 MHz) 

22
192m

D
d

                                     (1) 

Where D is the antenna aperture and is the 

for cylinder this is not 
easy to satisfy 





End-to-End Simulation 

• Noise

• Complex Gain Fluctuation: 
Gaussian Model 
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Fig.2:T he E M sim ulated norm alized pow er gain(dot) ofthe X (blue) and Y (green) polarization
feed at 750 M H z and the corresponding fitted beam in the E ast-W est direction(left) and N orth-
South direction(right).T he red line fits the average of the tw o polarization,w hich is used for
our unpolarized case.

2.2 Sky M odel

W e generate the sky m aps including foreground com ponents and the cosm ological 21 cm sig-
nalusing the publicly available code cora1(Shaw et al.,2014,2015).T he prim ary foreground
com ponents consist of di↵use synchrotron em ission from the G alaxy and em ission from the
extragalactic point sources. T he base m ap is generated by extrapolating the 408 M H z m ap
(H aslam et al., 1982) w ith spectral index from M iville-D eschênes et al. (2008), and G aussian
random fluctuations in brightness and spectralindex are added to account for sm allscale fluc-
tuations. T he em ission of extragalactic point sources involves three com ponents:bright point
sources in the V LSS and N V SS catalogues;synthetic dim m er sources,constructed by draw ing
from the point source distribution in D iM atteo et al.(2002);unresolved background of dim -
m er sources,generated by draw ing a G aussian realization from an angular pow er spectrum for
point sources m odel.T he redshifted 21cm signalis treated as a G aussian fluctuation,generated
according to a given angular pow er spectrum .

W e illustrate the sim ulated sky m ap ofthe foreground and 21 cm signalat750 M H z in Fig.3,
though in the present study,w e w illdealm ainly w ith the m uch stronger foreground radiation.
T he m aps are pixelated using the H E A LP ix schem e(G órski et al., 2005), w ith N side = 512
corresponding to an angular resolution of6.87 arcm in.

2.3 R eceiver N oise

W e assum e the noise in the visibility ofeach feed pair at a given frequency follow s a G aussian
distribution,ofw hich the variance at any particular tim e can be m odeled as

σnoise =
⌦Tsysp
2
p
tint∆⌫

(6)

w here ⌦=
R
|A (n̂ )|2d2 n̂ is the beam solid angle, Tsys is the system tem perature, tint is the

integration tim e each day,and ∆⌫isthe bandw idth offrequency channel,the
p
2 in denom inator

is for an average of the tw o polarizations–in this w ork w e neglect the di↵erence in the tw o
polarizations. A s analyzed in Li et al. (2020), the average system tem perature of the T ianlai

1 https://github.com/radiocosmology/cora
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Fig.4: T he variation of the relative am plitude(top left) and phase(top right) of the com plex
gain for 2 feed channels (plotted in blue and green curves) ofthe T ianlaicylinder pathfinder in
6 consecutive days starting from 2018/03/22.T he shadow area corresponds to the observation
in the nighttim e(12:00-0:00 U T C ).T he m iddle panels show s a zoom up ofthe data ofthe first
night.In the bottom panels w e show an exam ple ofour sim ulated com plex gain variation.

and m iddle panels of Fig.4 show the norm alized am plitude and phase of the gain for the X -
polarization oftw o feeds on the T ianlaiarray,w hich are fairly typical.A s w e can see from the
figure,although there are large variations in the phase during the day tim e,the phase variation
during the night is relatively sm alland the relative am plitudes are quite stable.

In our sim ulation, w e m odel the com plex gain of one frequency channel as (w e om it the
variable⌫here)

g(t)= (1 + ∆ g(t))ei2⇡⌫φ(t)

w here w e have com bined the tim e delay ⌧and residue phase ' into a single phase φ, as w e
consider here a single frequency channel.In the actualinstrum ent,a large part of the change
in tim e delay com es from the change ofcable length due to tem perature variation,so it is not
com pletely random but dependent on the diurnal variation of tem perature. H ow ever, these
changes w illbe corrected by the calibration procedure,w hat really m atters is the residue for
the calibration.So it is sufficient here to m odelthis change as a G aussian process.W e generate
thefluctuationsin am plitude∆ g and phaseΦseparately from m ultivariate norm aldistributions,

∆ g ⇠N (0,⌃ am p), Φ⇠ N
⇣
0,⌃ phs

⌘
.
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In our sim ulation, w e m odel the com plex gain of one frequency channel as (w e om it the
variable⌫here)

g(t) = (1 + ∆ g(t))ei2⇡⌫φ(t)

w here w e have com bined the tim e delay ⌧and residue phase ' into a single phase φ, as w e
consider here a single frequency channel.In the actualinstrum ent,a large part of the change
in tim e delay com es from the change ofcable length due to tem perature variation,so it is not
com pletely random but dependent on the diurnal variation of tem perature. H ow ever, these
changes w illbe corrected by the calibration procedure, w hat really m atters is the residue for
the calibration.So it is sufficient here to m odelthis change as a G aussian process.W e generate
the fluctuationsin am plitude∆ g and phaseΦseparately from m ultivariate norm aldistributions,

∆ g ⇠ N (0,⌃ am p ), Φ⇠ N
⇣
0,⌃ phs

⌘
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F ig.4: T he variation of the relative am plitude(top left) and phase(top right) of the com plex
gain for 2 feed channels (plotted in blue and green curves) ofthe T ianlaicylinder pathfinder in
6 consecutive days starting from 2018/03/22.T he shadow area corresponds to the observation
in the nighttim e(12:00-0:00 U T C ).T he m iddle panels show s a zoom up ofthe data ofthe first
night.In the bottom panels w e show an exam ple of our sim ulated com plex gain variation.

and m iddle panels of F ig.4 show the norm alized am plitude and phase of the gain for the X -
polarization oftw o feeds on the T ianlaiarray,w hich are fairly typical.A s w e can see from the
figure,although there are large variations in the phase during the day tim e,the phase variation
during the night is relatively sm alland the relative am plitudes are quite stable.

In our sim ulation, w e m odel the com plex gain of one frequency channel as (w e om it the
variable⌫here)

g(t) = (1 + ∆ g(t))ei2⇡⌫φ(t)

w here w e have com bined the tim e delay ⌧and residue phase ' into a single phase φ, as w e
consider here a single frequency channel.In the actual instrum ent,a large part of the change
in tim e delay com es from the change of cable length due to tem perature variation,so it is not
com pletely random but dependent on the diurnal variation of tem perature. H ow ever, these
changes w ill be corrected by the calibration procedure, w hat really m atters is the residue for
the calibration.So it is sufficient here to m odelthis change as a G aussian process.W e generate
the fluctuationsin am plitude∆ g and phaseΦ separately from m ultivariate norm aldistributions,

∆ g ⇠ N (0,⌃ am p ), Φ⇠ N
⇣
0,⌃ phs

⌘
.

real data

simulation



Calibration Errors from simulation
T itle Suppressed D ue to E xcessive Length 13

F ig.8:T he solution to the phase variation and the residualaftercalibration for one baseline(A 1-
A 31 in this case). T he dots in all panels indicate the on-tim e of C N S. Top R ow : the solved
phase for noise data(orange) and noise-free data(green dashed)for a w hole day data com pared
w ith the input(blue). Second R ow : Zoom in on the period w hen C yg A is transiting. T hird
R ow :T he residualbetw een the input and the calibration solution.B ottom R ow :T he di↵erence
betw een the solved phase ofthe tw o case,the variation ofw hich is from the noise.

bottom row ,w e show the di↵erence betw een the solution w ith and w ithout noise,this show s an
error ofabout 2.3⇥10− 5,w hich is consistent w ith our estim ates from above.In addition to the
error induced by therm alnoise,there could be other errors,e.g.from reflection and m ulti-path
e↵ects,w hich w e w illignore in the present w ork.

O ur sim ulation resultshow s thatthe absolute calibration could fix the random ly distributed
instrum ent phase, and for the daily instrum ental phase variations at the 10− 2 rad level, the
relative calibration could reduce it significantly.H ow ever,it also show s that during the absolute
calibration,there is an error at the 10− 4 ⇠ 10− 3 rad level,w hich w illpersist subsequently.T his
error is partly due to the fact that the sky is actually not dom inated by a single radio source,
and partly due to therm alnoise.T he absolute calibration accuracy m ightbe im proved by jointly
fitting the phase w ith the data obtained during the w hole transit process instead of a single
epoch data at the transit point,and also perhaps by adopting m ore sophisticated sky m odel.

T he relative calibration w ould track how the phase vary from the initialphase,but w ould
not im prove on the initialphase determ ination.T he error in the relative calibration is how ever
sm aller,at the 10− 5 level.

• even without noise, there is an error in absolute calibration ～10-3 rad
• noise induced error in absolute calibration ～10-4 rad
• noise induced error in relative calibration ～10-5 rad
• Origin of Error in Calibration: sky model—failure of single source dominance

absolute calibration relative calibration



Simulation-Dish

Perdereau et al. 2022 MNRAS

NCP region
(150 deg2)

Tsys=80 K, 𝜎T(1MHz)=5mK 
can be achieved by 2x1 month integration

The Tianlai collaboration is currently carrying out a 
Spectroscopic survey based on the NCCS photometric 
catalogue, performed with the WIYN telescope and HYDRA 
Spectrograph. A 4 degree radius disc around the NCP has been 
Targeted by the WIYN



Maps in Equatorial Coordinates (single freq 750MHz)

2016/9/27, 5 days                        2016/10/11, 5 days                        2017/12/9, 9 days                         2017/12/20, 3 
days

2018/1/21, 14 days                        2018/3/22, 6 days                        2018/3/31, 3 days                         2023/6/21, 5 
days



Stacking Analysis



Stacking Analysis
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Stacking Analysis---CHIME Restults



Stacking Analysis on Strong Sources

Stacked image                                   2D Gaussian fit                                           Residue



Power Spectrum

Δ2 𝑘 = 𝑘3𝑃(𝑘)/2𝜋2 from 20160927 + 20180322 
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Detection of FRB by Tianlai Cylinder

Blind Search 2022.04.14, 17:26:40.368 UT

DM=208.1±0.5 pc cm-3

Speak = 128.4 Jy,   fluence = 204 Jy ms,  z<0.24  Prediction：0.5/month



Detection of FRB by Tianlai Dish

Observation of repeat FRB 20220912A
detection on 2022.11.05 15:02:46.017 UT

DM =219.8 
Speak=285 Jy, fluency=600 Jy ms Prediction：0.27/month



Locating FRB with Outtrigers 

c 𝛥t=b cos 𝜃

• Outtrigers store raw voltage data for some time (e.g. 1 min.)
• Do the FRB search with the main array
• FRB candidate detected—with direction, time, DM value
• Search the same FRB event in the outtrigger data, using 

cross correlation to measure c 𝛥t, determine 𝜃

current Tianlai FRB locating precision is 
     beam size ～𝜆/b～0.4m/30m～0.75∘

Too coarse! Need better locating precision

Use outtriger to improve precision:

c 𝛥t=b cos 𝜃

𝛿𝜃 =
𝑐 𝛿(Δ𝑡)

𝑏 sin 𝜃
Error:

𝛿(𝛥t)<1/(250 MHz)=4 ns

𝛿𝜃 = 24.75
10 km

𝑏 sin 𝜃
 arcsec

𝜃



Tianlai phase II project

• Cylinder at A for imaging

• Cylinder B,C as FRB outtriger

• Dishes are for better calibration

• Global Spectrum Experiment at D1, 
D2

• Dipole antenna experiment  

Collaboration with Northeastern University to construct the FRB outtriger



AB：9.518KM BC：4.186KM AC：7.863KM





Next plan

◼ Conduct the survey (continuous observation )

◼ Beam Mapping with Holography

◼ Polarization Analysis 

◼ Foreground subtraction and 21cm power spectrum improvement   

Thanks!
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