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Abstract Detection and mitigation of radio frequency interferenR€&l) is the first and also the key step
for data processing in radio observations, especially hgoing low frequency radio experiments towards
the detection of the cosmic dawn and epoch of reionizati@R)EIn this paper we demonstrate the tech-
nique and efficiency of RFI identification and mitigation the 21 Centimeter Array (21CMA), a radio
interferometer dedicated to the statistical measurenféadB. For terrestrial, man-made RFI, we concen-
trate mainly on a statistical approach by identifying arehtbxcising non-Gaussian signatures, in the sense
that the extremely weak cosmic signal is actually buriedenridermal and therefore Gaussian noise. We
also introduce the so-called visibility correlation coa#nt instead of conventional visibility, which allows
a further suppression of rapidly time-varying RFI. Finallye briefly discuss removals of the sky RFI, the
leakage of sidelobes from off-field strong radio sources wihe-invariant power and a featureless spec-
trum. It turns out that state of the art technique shouldnalls to detect and mitigate RFI to a satisfactory
level in present low frequency interferometer observatigunch as those acquired with the 21CMA, and the
accuracy and efficiency can be greatly improved with the eyrmpent of low-cost, high-speed computing
facilities for data acquisition and processing.

Key words: dark ages, reionization, first stars — instrumentatiorerfierometers — methods: data anal-
ysis: observational — techniques: interferometric

1 INTRODUCTION is common because FM radio is broadcast at 88—-108 MHz.
On one hand, radio experiments that probe the first lights
Rapid progress in low frequency radio astronomy has beefiom cosmic dawn and EoR have to work with low fre-
made over the last decade. This is primarily driven by thejuency radio astronomy if the HI 21 c¢m radiation is the
ambitious goal related to exploration of the cosmic dawrknique message earrier. On the other hand, man-made ra-
and epoch of reionization (EoR). Indeed, the probe of th@lio frequency interference (RFI) will be a disaster in this
dark ages, cosmic dawn and EoR will constitute the lastrequency range. A remote site is the minimum require-
frontier for observational cosmology in the era of preci-ment for low frequency radio observations that can be used
sion cosmology. One of the most desirable goals is to urto investigate the cosmic dawn and EoR.
veil the history of how and when the universe was illumi- Technically, current low frequency radio experiments
nated by the first stars/black holes and underwent a trarrave benefited from the rapid development of information
sition from its dark to bright phase. Thanks to the 21 cmtechnology and computer science: For example, conven-
radiation of neutral hydrogen, the most abundant type ofional analog signal communication in radio astronomy has
baryonic matter in the early universe, we should be able tbeen replaced by high precision digital processing. A large
receive information about that important epoch of cosmia@amount of correlation computation and data communica-
evolution, though the signal is extremely weak { — 10  tion between antennas in radio interferometers can be car-
mK). Yet, the wavelength of the HI 21 cm radiation hasried out by advanced, intelligent computers and networks.
been stretched by a factor dof ¢ z) due to the expansion Massive amounts of data can be easily stored, transferred,
of the universe. Therefore, if the cosmic dawn and EoRshared and analyzed. All of these novel technologies have
occurred at redshifts between 6 and 27 in terms of currevolutionized traditional studies in radio astronomy in-
rent observational constraints (for a recent summary seduding methods used for global VLBI. Instead of giant
Koopmans et al. 2015), the corresponding HI hyperfine radish antennas, a large number of small antenna units can
diation has already been shifted to 1.5-6 m in wavelengtbe integrated and combined to form a large collecting area,
or 50-200 MHz in frequency. Such a frequency band for usvhich can significantly increase the telescope’s sensitivi
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while maintaining a large field of view. Equipped further the assumption of a foreground spectrum can yield similar
with smart receivers, precise, high speed analog-toaligit and satisfactory results. Finally, instead of the EoR imag-
converters, digital multi-beam forming, powerful comput- ing which will be achieved by a next generation radio in-
ers and state-of-the-art data processing techniquegrdesiterferometer like SKA, we can statistically construct the
and construction of radio telescopes are now moving fronpower spectrum of the low frequency sky, which allows us
traditional mechanization and automation to modern digiti to further “beat down” the sky noise by a factor BfNy,
zation and intelligentization. Several new digital raditet ~ whereN, represents the independent Fourier modes of the
scopes that incorporate advanced software have been buétrgeted field.
and served as the pathfinders or precursors for the ultimate petection and mitigation of RFI is the first and also a
radio telescope, the Square Kilometre Array (SKA-  key step for current low frequency radio experiments like
cluding GMRT, LOFAR®, LWA*, MWA®, PAPER, etc.  21CMA, and the quality and accuracy of the RFI exci-
In 2004, we began to construct a unique low frequency rasjon critically determines whether our science goals can
dio array, the 21 CentiMeter Array (21CMA), with the goal pe eventually achieved. In this work, we present the radio
of performing a statistical measurement of the power specenvironment report of the 2LCMA, demonstrating the vari-
trum of EoR. A total of 10 287 log-periodic antennas weregys techniques for identification and removals of RFl in the
deployed along two perpendicular arms with lengths 6 ang1 CMA observations. Similar radio environment reports
4 km, respectively. We completed the construction in 200%9n LOFAR, MWA and LWA can be found in Offringa et al.
and upgraded the system in 2010. Sited in the Tianshap013); Offringa et al. (2015) and Henning et al. (2010),
Mountains, west China, the array has been collecting datgspectively. Besides the traditional approach, we mainly
towards the north celestial pole (NCP) region for nearlyconcentrate on the statistical analysis of RFI detection, i
five years. the sense that both system noise, including sky noise and
One of the major difficulties in current SKA pathfind- cosmological signal like EoR, behave like thermal noise at
ers or precursors towards the detection of the cosmic dawlew frequencies, and therefore should statistically folk
and EoR is that the cosmic signal is only 1-10 mK, butGaussian distribution. If we mitigate all the non-Gaussian
strong RFI may still be present at low frequencies evertomponents, most of the temporal RFI above the thermal
if radio telescopes are placed in remote areas. This is beéoise should be able to be excised. This can be made ei-
cause there exist two types of man-made celestial sourc@ser in real time or in data post processing, and the accu-
of RFI: (1) FM radio and TV broadcasting scattered by meracy depends sensitively on time and frequency resolution.
teor trails and/or aircraft and (2) satellite communicasio Moreover, we introduce the so-call visibility correlation
in addition to system noise. In addition, the radio fore-coefficient instead of the conventional visibility, allovg a
ground dominated primarily by the Milky Way is roughly further reduction of the RFI amplitude. Finally, we briefly
4-5 orders of magnitude brighter than the signal to be meadiscuss the removal of the sky RFI introduced by the leak-
sured. How to mitigate all these RFIs and suppress thage of sidelobes from off-field strong radio sources.
foregrounds to a desirable level really poses a technical
challenge for on-going and planned experiments. If man-
made, time-varying RFI and system noise can be well un2 SYSTEM NOISE: RFI IDENTIFICATION
derstood and perfectly excised, there are essentially four
steps towards the removals of bright foreground for a radi®Radio telescopes, when working at low frequencies ef
interferometer: First is to reduce the thermal noise thiroug 200 MHz, are primarily limited by spatial resolution. For
interferometric correlation, and then integrate for a suffi example, their effective apertures should be as large as 10
ciently long time even to the confusion limit. Second is tokm to achieve an angular resolution-of1’. Employment
identify and subtract all the bright point sources includ-of radio interferometry turns out to be a unique solution
ing those from the leakage of sidelobes, through either the this problem for low frequency observations. To be spe-
conventional Cotton-Schwab CLEAN algorithm (Schwabcific, signal received by the-th antenna unit in an inter-
1984) or a more advanced approach such as “Peelingferometric array at timeis usually represented by the volt-
(Noordam & de Bruyn 1982). Third is to remove a power-ageV;
law or smooth component in the frequency domain be-
cause the low frequency foreground is dominated by syn-
chrotron radiation which is believed to be spatially and  V(t) = Gi/Bi(s)E(a t)d%s+ e, Q)
spectrally smooth. It has been shown by recent simulations

(e.g. Alonso et al. 2015) that even the blind method without ] ) ] ]
whereG; is the system gainB;(s) is the spatial response

function (or sometimes primary beam) of the antenna,

1 http://www.skatel escope.org i R ok ;

2 http: /mawencratifr.resiin E(s,_ t) is the electric field of the cosmic signal glong di-

3 http: /Al ofar.org rection s and can also be regarded as the Fourier compo-
4 http://lwa.phys.unm.edu nent for a given frequency, ¢; is the system noise, and

5 http://www.mwatel escope.org the integral should be taken over all directions being ob-
6

http: //eor.berkeley.edu served. Note that all these quantities are a function.of
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The total power that thé-th antenna receives is given by only a few strong RFI features above the thermal noise
the autocorrelation of Equation (1) level are present in the autocorrelation spectrum, as shown
in Figure 1. However, after the thermal noise is suppressed

Vii(t) = |Gs(1)] /Bii(s) |E(s. t)|2 d?s+ |€Z.|27 (2) by three_ orders of m_agnitude, the power of \{isib_ility seems
very noisy, and a glimpse of the spectrum in Figure 1 re-

while the cross-correlation of Equation (1) yields the so-veals many strong RFI signatures. Yet, most of them ac-

called visibility function tually arise from time-varying RFI and sparks, and can be
easily identified and mitigated. The strong RFI features in

Vi) = GG () | Bi(8)B*(s) |E(s.1)]? |Vi;| are identified as follows: (1) Civil aviation commu-
®) (G5 ( )/ (8)B; (s |E(s 1)l nications at 119 MHz and 130 MHz, produced by com-
xe2mTVAt 129 4 ei€l, 3 mercial aircraft which last 4 minutes each time when an

aircraft flies over the 21CMA valley. (2) Low earth or-

in which the raised asterisk indicates the complex conjubit satellite broadcasting at 137 MHz, generated by the
gate,At is the time delay of received signal between theORBCOMM constellation. The good sky coverage of the
i—th antenna angl—th antenna due to geometric configu- ORBCOMM satellites indicates that they are the most
ration, and the coherence condition of astronomical radiggrominent RFI source for all low frequency radio tele-
tion has already been used. Because noise in two antenseopes even at remote sites. Furthermore, since there are
systems is not coherent, the time averaged operation @fiways several ORBCOMM satellites above the horizon at
(ei€e7) will significantly reduce the noise level, and some-any given time, the 137-138 frequency band can hardly be
times the last term in Equation (3) can even be neglectedised. Yet, they may serve as a beacon for calibration of
Quantitatively,(e;e}) is 1/v/ATAt times smaller than the our telescopes (e.g. Neben et al. 2015). (3) Walkies-talkie
noise power of a single antenfal” or |¢;|*, whereAr is ~ from local train communications at 151 MHz, which often
integration time and\v is bandwidth. cause the problem of saturation when trains pass through

Figure 1 shows a Wp|ca| examp|e of the total power§he 21CMA site. As a reSUlt, some of the data in the 150-
of auto- and cross-correlations. Data are taken from 24151 band have to be flagged for blanking. Fortunately, the
hour observations on 2013 May 11 for two antenna pod§ld railroad track at the site is no longer used and the
EO01 and E20 along the east-west baseline of 21CMA, segirongest interference at 151 MHz has thus disappeared
arated by 1280m. (The same data set will be used belowince January 2014. (4) FM radio broadcasting at 88—
unless otherwise stated.) The signal is digitized at a sam:08 MHz, which is scattered by meteor trails and aircraft.
pling rate of 400 MHz with 8 bit precision. We adopt a Note that the site, surrounded by mountains with altitudes
frequency channel of 8192, which provides a resolution opver 3000 m, cannot receive FM transmissions from local
24.2 kHz over a bandwidth of 200 MHz. Fast Fourier transtowns. (5) AM radio broadcast around 70 MHz, which is
form (FFT) and correlation calculations are performed intime variable and rather weak. (6) Computer noise at 100
real time through software, and the digitized and correlateMHz and 107.7 MHz, which appears occasionally and is
data are integrated for about 3.558 seconds before they agBarp but very strong. For the sample (2013 May 11 ob-
output to a hard disk. A total of 24 280 visibilities inclugin ~ servation) we chose in this paper, the computer RFI at two
autocorrelations are recorded in each channel for offlin@arrow bands of 100 MHz and 107.7 MHz remains active
ana|ysis_ From the average power d|5p|ayed in Figure 1thr0ugh the whole observing time. The source of noise is
we learn that the power or autocorrelation of a single anidentified as being due to the synchronization clock used
tenna pod is dominated by the system thermal npigg ~ In our other experiment on radio detection of cosmic air
or |€j|2’ andV;; andV;; are almost three orders of magni- showers and cosmic neutrinos (Ardouin et al. 2011).

tude larger than the power of visibility;,;|. As mentioned
above, thermal noise follows a Gaussian distribution an
(cicj) is therefore reduced by a factor of /N as com- o5t of the RFI shown in Figure 1 is highly varying in

pared with|e;|* Or_|6j|2, whereN is the total number of  time and can be easily detected and mitigated, though the
samples over an integration time Afr and a bandwidth accuracy and efficiency depend on time and frequency res-

3 SYSTEM NOISE: STATISTICAL TREATMENT

of Av. This yields olutions. For example, setting a threshold in visibilityyma
allow us to excise most of the strong RFI. Alternatively,

1/\/N = 1/VATAV one may use a statistical or automated method to identify
= 1/v24kHz x 3.558 s RFI in visibility. Note that both system noise (including

— 34% 1073 sky noise) and cosmic radio sources behave like thermal

noise, and therefore the visibility data without terrestri
The actual noise level d¥;;| shown in Figure 1 is slightly RFI should exhibit a Gaussian distribution. Now, if we
higher than this simple estimate because the efficiency aflentify and remove all the non-Gaussian structures in each
the 21CMA 60%) has not been taken into account. channel, RFI should be effectively mitigated. Such an ap-
Because the system temperature is dominated by theproach can be applied to either data acquisition in real,time
mal noise (the receiver noise of 21CMA is about 50 K),if a proper trigger (or standard deviation) is set for each
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Fig.2 Time variation of visibility power for the antenna pair Fig.4 The same as Fig. 3 but for= 137 MHz.

EO01E20 at a central frequency of 160 MHz with bandwidth
0.1 MHz (four channels). Red points represent the instaias
average among four channels, while a blue line is the averagely need to deal with the problem of large dynamical range.
over an integration time of 24 hours. Meanwhile, we also lose the phase information in visibil-
ity. Therefore, we begin by normalizing the real and imagi-
channel, or data post processing. The latter seems mor@ry parts of visibility separately, i.e. dividing by theivn
flexible and convenient for users but could result in inac-mean amplitudes, so that the real and imaginary parts of
curacy of RFI detection due to the lack of high time reso-visibility are both varying around ‘0.
lution. To guarantee the efficiency of the 21CMA data ac-  In Figure 3 we illustrate the normalized real part of the
quisition which uses software to do FFT and correlationsyisibility Vzo1w20 Versus time. If we excise the data points
here we demonstrate the statistical mitigation of RFI onlybeyond5o, all the strong RFI can be mitigated. Setting a
during data post processing. tight limit of 30 should allow us to exclude most of the
Figure 2 shows the time variation of the visibility RFI yet at the cost of losing or distorting some of the true
power|Vio1wzo| for antenna pair EOLE20 at a central fre- signal. The choice of the excision limit varies among dif-
guency of 160 MHz and with a bandwidth of 0.1 MHz. If ferent experiments. For example, PAPER adopts a limit of
we directly apply Gaussian statistics to the data, we proba&o in Pober et al. (2013) angb in Parsons et al. (2014).
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Fig.5 RFI occupancy spectrum for EO1E20, in which RFI is
g pancy sp ' the non-Gaussian features. See Fig. 1 for the original data.

selected in terms dfo.

When processing the 21CMA data, we work with an adap-
tive choice of thes range. For the channels that are fre- O e 4
guently contaminated, such as 121 MHz, 137 MHz (see o h
Fig. 4) and 151 MHz, we adopt a limit §o. Otherwise,

we use a more relaxed choicefof (see Fig. 3) because the
majority of the channels actually remain very quiet. For
comparison in Figure 4, we provide an extreme example
of the most seriously contaminated case at 137 MHz alon
with the3c and7o limits.

With the above RFI detection limit, we can now cal-
culate the RFI occupancy in different frequencies, which
provides a quantitative description of the RFI influence
on our radio observations. In Figure 5 we display the RFI
occupancy spectrum for EO1E20. The most contaminated [
channels are found to be 100 MHz and 107.7 MHz - the Y R,
sharp noise from the synchronization clock used in our
experiment on cosmic rays at the same site, followed by .
the ORBCOMM satellite signal around 137 MHz with a time
maximum occupancy 033%. Some of the channels be- Fig.7 Average visibility power Viso1wao| (dotted line) and its
low ~ 80 MHz seem a bit noisy and onky 90% of the  variance ¢olid line) atv = 160 MHz versus integration time.
time can be used for observations. Local train communiThe latter continues to drop as'/* over 24 hours.
cations at 150 MHz lead t®3% of the data that should
be excised. Also, there is a slowly varying occupancy raeverall contour is a convolution of the antenna spectral
tio of ~ 2% — 6%, spanning a wide range of frequenciesresponse with the low frequency radio sky dominated by
from 175 MHz to 200 MHz, which is attributed to the ac- the Milky Way. The decreasing power with increasing fre-
tive radio emission region from our Galaxy and will be ad-quency in 85-200 MHz just represents the Galactic radi-
dressed extensively in Section 5. For comparison, LOFARation, while the turnover near 85 MHz reflects the ineffi-
and MWA have provided their occupancy ratios in a sub-cient antenna gain at lower frequencies. Actually, the de-
range of 115-163 MHz, which ar218% and1.65%, re-  sign of the 21CMA log-periodic antenna is only optimized
spectively (Offringa et al. 2013; Offringa et al. 2015). Our for 70-350 MHz. Finally, the rapid attenuation at the two
result in the same frequency rangei66%. frequency ends arises from the roll-off of the two band-

Figure 6 shows the RFI mitigated power of the visi- pass filters used in our receiver. In principle, the data from
bility Veo1weo in terms of the non-Gaussian criterion. As adjacent channels should be excluded.
compared with Figure 1, most of the RFI has been ex- Even after the temporal RFI is mitigated, system noise
cised or significantly suppressed. It is necessary to makstill dominates the visibility function at low frequencjes
a few remarks on this RFI mitigated visibility power: The and a long integration is required to “beat down” noise that
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mainly comes from the Milky Way. For experiments to- smaller tharil},. ConvertingAT, into the rms variation in
ward the EOR detection, integrating observations may takéux yields

up to a few years. Therefore, it is crucial to check whether L, )

and how the system noise goes down with integrationtime. A ¢ _ 0.9Jy (i) (ﬂ) ( O ) )
Telescope sensitivity in terms of flux can be written as 3m 0.1K 100 )
2kpTays/Aeav/tAv, Wherek is the Boltzmann constant, where 6, is the width of the telescope primary beam.

Tiys Is the system temperature, aridy is the effective This simple estimate indicates that the system noise is
area of the telescope. In our case, all antenna pods have the

same effective area, and their receivers have roughly thré)ughly on the same order of .magmtude as the bright
same system temperature. It turns out that theoretically, f radlo. sources 0.1 -10 Jy) n the s_ky. Only when
a given frequency bandwidth, the sensitivity should var)}?':I IS brlghFer than the sI:y n0|sx_ébe, le., the RFI
with integration time ag—1/2. plays a.domlnant role If(;iej_») and is also greater than

In Figure 7 we plot the average visibility power (GiG; [ Bi(8)B;(s) |[E(s)|" ¢”™4d%s), does the em-
[Visorweo| and its variance at = 160 MHz against in-  Ployment ofp;; become useful and efficient in mitigation
tegration time for observations spanning over 24 hours. [ff RFI. Although it may be rather difficult to identify weak
appears that the sensitivity does follow the'/2 behav- ~RFI that is buried under sky noise, it is always helpful to
ior. Similar tests have also been made for other EoR exdtilize the visibility correlation coefficient for an effient
periments such LWA, MWA, etc. (Bowman et al. 2007; detection and mitigation of strong RFI.

Henning et al. 2010; Taylor et al. 2012; Offringa et al. ~ Now we demonstrate the effect and result of RFI mit-
2015). igation in terms ofp;; for the 21CMA data. There are two

ways to employp;; in data processing: First is to com-
4 VISIBILITY CORRELATION COEFFICIENT pute p;; from visibility Vi; and antenna powerg;; and

Vj; in data post processing, and work wijtly instead of
We may take a step further to introduce the so-called visiV;; in subsequentimage processing. Second is to add a new
bility correlation coefficient in the analysis of RFI mitiga task of computing and integrating; to the data acquisi-
tion. The visibility correlation coefficient is defined as ~ tion phase in real time. The former does not add any extra
work in the data acquisition system, but the RFI detection
pij (1) = Vi; (t) _ (4) may be affected by poor time resolution in output visibil-
VIVi(@)1V;; ()] ity for which integration has already been done. The latter
. can maximally guarantee the accuracy of RFI identification
We begin with two extreme cases to demonstrate the adyyg mitigation, at the cost of decreasing the efficiency of
vantage of utilizing;; instead ofV;: (1) If the visibility a4 acquisition, because more CPUI/GPU time is required
and autocorrelations are dominated by RFI, then the aboyg computep;; and even complete the real-time RFI detec-
expression reduces {o;;(t) = €i;(t)/+/|ei(t)llej; (D). tion before integration and output operations. Leaving the
All strong RFI in antenna unit and/or;j can cancel each fist anproach to data post processing, we tested the second
other through thep,;(t)| operation. Namelyp;; can sup-  gnor0ach with 21CMA during September, 2012. A total of
press fthe amplitude of strong RFI as it appears S|multa_m926 days were devoted to the measurement pinstead of
ously in the numerator and denominator. (2) If the NOiS; . for which the telescope efficiency is found to further

termse;;, ¢;; ande;; are negligibly small, then the power ggcrease bpa%, in addition to thes0% efficiency in its
of p;; can be converted into the angular power spectrumg tine observing mode.

Cy throughCy = I§|pi;(£/27)|* (Zheng et al. 2012), in In Figure 8 we compare the visibility pow§r;;|, cor-
which Iy is the mean brightness of the observed radio sky,q|ation coefficientp;;| in data post processing arg;|
In other wordsp;; provides a simple way to statistically i real time, in which the first two results are based on
measure the angular power spectrum. _ the 2013 May 11 observation, and the third one is taken
_Yetin reality, system thermal noisg; including the 5 the 2012 September 19 measurement. In both cases,
Milky Way contribution is comparable to the total flux e same baseline EO1E20 is chosen. We take a frequency
of cosmic radio sources at frequencies below 200 MHZ nannel aty — 102 MHz with a 0.1 MHz bandwidth for
Namely, (G,G7 [ Bi(s)B;(s)|E(s)|” e?™Ad?s) and  the purpose of illustration, because the channel is oceasio
(eie;) have the same order of magnitude, unless thergly contaminated by FM radio signals scattered by meteor
is strong RFI ine;;. Indeed, this is supported by the trajls and/or aircraft. A visual inspection of Figure 8 re-
following argument: The Galactic radiation is the mainyeals that the amplitudes of strong RFI fin;| become
source of noise in current EoR experiments if thesmaller than those if¥;;|. To quantitatively evaluate the
receiver noise is controlled within- 50 K. The sur-  effect of RFI detection from the three methods, we calcu-
face temperature of the Milky Way can be estimatedate their mean valugs or p and variances. Furthermore,
by T, = 200K(r/150 MHz)"®. Its rms variation e utilize o/V or o/p to characterize the extent of their
through the(e;e;) operation is modulated by a factor of gispersion and show the results in Figure 9. It appears that
1/vVAvAT: AT, = T,/vVAvAr. For the EoR experi- the visibility function suffers from the most serious con-
ment like 21CMA,AT, is approximately a factor of 1000 tamination as indicated by the largest dispersion i,
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Fig.9 Comparisons of data dispersion, represented by the ra-
tio of standard deviation to mean value for three differgmt a
proaches. The blue line represeMisyir20; the green line rep-
resent®roi1r20 With data post processing; and the red line repre-
sents real-tim@Eomzo.

Fig.10 The waterfall plot of the real part of visibility function
VEoir20 Spanning over 24 hours along the horizontal axis. The
vertical axis represents frequency running from 50 Midp) to
Lo ' e 200 MHz (pottom).

b
o

time
frequencies, they can also be treated as a sort of RFI and
efficient power | with the data post processing approach should be mitigated. The dominant radio source in the low
PE01E20 . . R
(middle), and [peo1sz0| With real-time operationtpttom). The frequency sky is of course the Milky Way, and its global,

central frequency is 102 MHz with a bandwidth of 0.1 MHz. The uniform radiation has already l?ee” inCIL_’de,d in the noise
average among different channels at a given timestep ig+eprt€rm e above. Now, what we will deal with is the struc-

sented by red points, and the average over the whole integrat tured components that can be captured by radio interfer-
time is indicated by a blue line. ometers, including both Galactic and extragalactic strong
radio sources.
though most of these RFIs are actually time-varying or ~ Figure 10 is the waterfall plot for the real part of visi-
sparks. Note that the same data are displayed in a diffebility Vo120 Observed on 2013 May 11, which illustrates
ent way in Figure 1. On the contraty,;| can significantly the 24 hour variation in the radio environment contain-
suppress the effect of RFI, as manifested by much smalléng both terrestrial RFI and celestial sources. Three pre-
dispersion ins/p. It seems that the real-time operation of dominant features from the sky are identified as follows:
|pi;| yields an even better result. If we take into account thg1) Thick fringes; these correspond to the brightest radio
fact that the real-time computation pf; reduces the effi- source (quasar) within®lof NCP, B004713+891245, with
ciency of data acquisition to some extent, the data quality flux of 5 Jy and flat spectral index. (2) Thin fringes; these
of o/p can be further improved with the employment of are generated by the brightest radio galaxy, 3C061.1, lo-
high-speed computers or field-programmable gate arraysated~ 4 degrees from NCP. Extrapolating its spectral

Fig. 8 Visibility power |Vio1r20]| (top), visibility correlation co-

(FPGASs) for FFT and correlations. index of —0.8 to 150 MHz, we find that it has a flux of
roughly 33 Jy. (3) Two bright spots with noticeable fringes
5 RFEl IN THE SKY and an interval of 6 hours, which are the strongest RFI

source in the 21CMA NCP field and will be the main fo-
Unlike the man-made, terrestrial RFI that we have discus in this section. Actually, we have already seen their
cussed above, celestial RFI is actually emitted by strong raeffect through the bumps at= 175 — 200 MHz shown in
dio sources in the sky. But for the EOR experiments at lowFigures 1, 5 and 9. For the two bright extragalactic sources,
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0 0.003 0.015 0.062 0.25 1 0 0.003 0.015 0.062 0.25 1

Fig.11 The beam pattern of the 21CMA at= 150 MHz (a)  Fig.12 The same as Fig. 11 but for= 180 MHz. The diurnal

overlaid on the sky map of Haslam et al. (1982) for 408 MHz (b).motion of the Cygnus region traces a circle with a radius aff5°

An annulus with a diameter of 20dndicates the area shown (a). from NCP, which enables the sidelobes to ‘see’ the Cygnuiemeg

The green circle in (b) indicates the locus of diurnal motibthe  twice per day with an interval of 6 hours. Another bright spot

Galactic region that passes through the sidelobes of th#/&1C  the Galactic plane and inside the circle is Cas A, the brighte
supernova remnant in the radio sky.

B004713+891245 and 3C061.1, we will include them in
the source catalog observed with 21CMA and present their
properties and excision elsewhere (Zheng et al. 2016).

In order to understand the origin of the two strong RFI
features around 180 MHz with interval time of 6 hours,
we begin with the beam pattern of the 21CMA pod. Each
of the 21CMA pods consists of 127 log-periodic anten-
nas which are combined though a phase delay cable to
form an analog beam towards NCP. The primary beam,
centered on NCP, has a field of view of approximately
8.5°(v/100 MHz) . However, the regular spacing of 127
antennas in the hexagonal pod also leads to two remark-
able sidelobes, separated by’ 90ith respect to the NCP.
Their radii vary with frequency, and reach abdé&t near
v =175 — 190 MHz.

In Figure 11(a) and Figure 12(a) we display the beam
patterns of 21CMA for = 150 MHz andv = 180 MHz,
respectively. If no radio sources fall into the sidelobes du Fig 13 The 24 houruv coverage of EO1E20 after RFI is miti-
ing diurnal motion of the heavens, then our observatiomyated. Frequency runs outward from 50 MHz to 200 MHz. Two
towards the NCP field is unaffected by the existence of th@ray spots correspond to the sidelobe leakages of the Cygnus
sidelobes. Otherwise, the sidelobe leakage of off-field ragion in the Milky Way. The gray ring near 137 MHz is due to
dio sources may contaminate our observation and shoufdRBCOMM satellites.
be removed. Unfortunately, as the dominant source of ra-
dio emission at low-frequencies, the Galactic plane sweeps Now we discuss very briefly another type of RFI from
the NCP region every 24 hours, which brings the Galacti¢he sky due to the grating sidelobes of the 21CMA. Except
emission into the 21CMA field of view twice per day for the easternmost pod at a distance of 4646 m from the
through the two sidelobes. In particular, a large star formeenter of the east-west arm, the other 80 pods that com-
ing region called Cygnus A is just located abdat from  pose the 21CMA are not randomly deployed along the
NCP, and can be clearly seen through the two sidelobesvo baselines. Spacings between pods are integral multi-
of the 21CMA at frequencies around 180 MHz. This givesples of 20 m for both east-west and north-south arms. As
rise to the two bright spots, separated by exactly 6 hours result, there are only 212 independent baselines among
in the waterfall plot shown in Figure 10. These regions thathe total 3240 instantaneous ones. While the numerous
cause contamination will be a disaster for our interferametredundant baselines are useful for the purpose of self-
ric imaging of the EoR sky and should certainly be excisedcalibration and measurement of the EoR power spectrum
On the other hand, the sidelobe leakage may provide a wag.g. Noordam & de Bruyn 1982; Tegmark & Zaldarriaga
to study the large star forming region in Cygnus, e.g., by2010), they also generate the so-called grating sidelobes
monitoring of time variation using long integration data of (Bracewell & Thompson 1973; Amy & Large 1990). These
the EoR spanning years. equally spaced rings have their spatial responses almost
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Fig. 14 The dirty map of the NCP region observed with 21CMA - an FFThefitv map in Fig. 13. A large field d0° x 60° is chosen
to include the two brightest radio sources in the sky, Cas#) @and Cygnus Alpwer right), which are the result of the sidelobe leakage
due to the regular spacings of the 21CMA antennas. No carreist made for spatial response function of the 21CMA ardsnn

comparable to that of the main lobe, causing serious cormment. It will revolutionize our understanding of the uni-
tamination to our observation if they happen to ‘see’ theverse including future discoveries of the dark ages, cosmic
Galactic and extragalactic radio sources. For example, thdawn and EoR. Low frequency astronomy will also open
two brightest radio sources in the sky, Cas A and Cygnusp a new window for time domain research such as pul-
A, would both show up in the 21CMA field due to the sar timing and high precision tests of gravity because of
grating sidelobes. All these troublespots for our EoR exits large field of view and unprecedented high sensitivity.
periment should be CLEANed either from ungridded vis-Yet, these ambitious sciences are built on the promise of
ibilities through a proper modeling of the sky or in image a perfect mitigation of RFI including sky noise in low fre-
processing. guency radio observations. Indeed, even if we detect and
Using real 21CMA observations, we have thus far dis-excise all the man-made, terrestrial RFI, the cosmologi-
cussed the detection and mitigation of both time varyinggcal signal may still be hidden in Galactic and extragalactic
terrestrial RFI and the time-invariant, celestial RFI. Theradio backgrounds. Many sophisticated methods and tech-
next step is to move on to interferometric imaging, which,niques should be explored to guarantee that the sky noise
however, exceeds the scope of the present paper. The dmn be suppressed to the levekoft mK.
tails of this can be found in Zheng et al. (2016). For illus- ) )
tration, we show in Figures 13 and 14 the RFI mitigated Using real 21CMA observations at 50-200 MHz, we
map and the corresponding dirty map, respectively. It cahave (_Jlemonstrated how RFl is detgcted and mltlgateq with
be seen that the spots contaminated by the Cygnus regid@ur differentapproaches: (1) Identify and flag all the time
have been excised in Figure 13. However, the two brightearying events and sparks with high time and frequency
radio sources, Cas A and Cygnus A, can still be found jifesolutions. It is .advantage.ous to gpply this task during
the sky map (Fig. 14), which are the result of the sidelobdhe data acquisition phase in real time, although one can

leakage of the array. also do the job in data post processing to ensure the max-
imum efficiency of data acquisition. With the fast devel-
6 DISCUSSION AND CONCLUSIONS opment and wide application of GPU and FPGA related

technology, real-time detection of RFI with unprecedented
Low frequency radio astronomy, (to be) equipped with in-high efficiency has become possible for the next genera-
terferometers like SKA and data processing using cuttingtion low frequency radio facilities. (2) Set a proper thresh
edge technologies, has entered a golden era of developld to excise all the flagged data in the contaminated ar-
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