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Abstract— Relative to traditional waveguide feeds, phased ar- slower. NRAO developed an early 19 element array of sinuous
ray feeds (PAFs) for radio telescopes can increase the instment  antennas [5]. The Netherlands Foundation for Research in
field of view and sky survey speed. Unique challenges assded  agironomy (ASTRON) has demonstrated good illumination
with PAF observations, including extremely low signal levs, _ . : i )
long-term system gain stability requirements, spatially orrelated efﬂmenpy for a_W'deband' dual poIarlged Vivaldi array [8he
noise due to mutual coupling, and tight beamshape toleranegre- Canadian National Research Council has developed a Phased
quire the development of new array signal processing techgiues Array Feed Demonstrator (PHAD), also of Vivaldi elements
for this application. We propose a calibration and beamforning  [7]. The Australian Commonwealth Scientific and Industrial
strategy for PAFs including interference mitigation with power Research Organization (CSIRO) is developing a wideband

spectral density (PSD) estimation bias correction. Key effiency
metrics for single-feed instruments are extended to the aay connected checkerboard array. The Karoo Array Telescope

case and used to verify performance of the algorithms. These (MeerKAT) being developed in South Africa will be upgraded
techniques are validated using numerical simulations andxger- to a PAF implementation. ASKAP and meerKAT are Square
imental data from a 19 element PAF on the Green Bank 20-Meter Kilometer Array (SKA) pathfinder instruments [9].

Telescope. Brigham Young University and NRAO have had a col-
_Index Terms— Adaptive arrays, Interference suppression, Ra- laborative effort in PAF development since 2003. We first
dio Astronomy successfully demonstrated beamforming and RFI mitigation
with a seven element hexagonal array on a three meter reflecto

|. INTRODUCTION in 2006 [10]. A 19 element, L-band dipole array was deployed

From the earliest days of radio astronomy (RA), detectimgn the NRAO Green Bank 20-Meter Telescope in 2007 for
faint deep space sources has pushed available technology teeries of experiments to measure aperture and spillover
extreme performance limits. Early progress was driven by imefficiency, demonstrate multiple beam formation, and tédt R
provements in hardware [1], [2] with relatively straightfi@rd mitigation algorithms with real and simulated interferenc
signal processing and detection techniques. With the dafensources (see Figure 1). Experimental results from the 19
large synthesis arrays, signal processing algorithmsased element array are reported in this paper.
in sophistication [3]. More recently, interest in phasethgr  Due to extremely low signal levels and high stability re-
feeds (PAFs) has opened a new frontier for array signailirements for astronomical instruments, successfuliegpl
processing algorithm development for RA observations.  tion of PAFs in radio astronomy requires the development

Array feeds in use at present consist of multiple tradef new array signal processing strategies. In this paper, we
tional waveguide feed horn antennas providing independelgvelop a calibration procedure and a “fixed-adaptive” beam
sky mapping pixels with low main beam overlap [4]. The feed®rming approach for PAFs that delivers sufficient gain and
are typically not processed jointly as a sensor array. Singensitivity for radio observations while maintaining awht
waveguide feeds are physically large, the elements canower beam pattern sidelobes and system noise. To verify
be packed tightly enough to provide a continuous imageerformance of the algorithms, we extend efficiency metrics
in one snapshot. To achieve continuous sky coverage amed for single-feed instruments to the array case. Radio
greater control over beam patterns, several research grofipquency interference (RFI) is a significant and growingjpr
are developing phased array feeds (PAFs) consisting oélgioslem for astronomical observations, but adaptive interfeee
spaced, electrically small elements [5]-[8]. Such an apray cancelation is not compatible with the high gain stability
vides a number of advantages over traditional feeds, imudud requirements of radio astronomy due to pattern rumble. We
multiple steered beams, sensitivity optimization withpest apply a power spectral density (PSD) pattern rumble bias cor
to the noise environment, and interference cancelation.  rection algorithm to a 19 element focal plane array and yerif

Phased array feeds are already in use for communithe performance of the algorithm using numerical simutetio
tions applications, but for RA, PAF development has beenlIn addition to presenting these new results on array signal

This work was funded by National Science Foundation undantgnumber propessmg fo-r PAFs, a second purpose of thls paper 1s .tO
AST - 0352705 define the radio astronomy phased array feed signal processi

The authors are with the Department of Electrical and CoepiEngineer- problem as an important regime for algorithm development

ing, Brigham Young University, Provo, UT 84602 USA (bjeffe@byu.edu, \york, particularly in view of the planned future synthesis
warnick@ee.byu.edu), excegt National Radio Astronomy Observatory .

(NRAO), Charlottesville, VA 22903-2475, rfisher@nrao.efftNRAO, Green  IMaging arrays of medium sized dishes that will use PAFs.
Bank, WV 24944, rnorrod@nrao.edu The emphasis is on unique challenges as compared to typical
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Fig. 1. Top: 19 element BYU/NRAO L-band PAF and front end bathvow
noise amplifiers and downconverters behind the array. BotfAF mounted
on Green Bank 20-Meter Telescope (October, 2007).
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former processing must be controlled or mitigated.

5) Calibration: Sensitive observations will require well-
calibrated beamformers. Optimal performance will be
achieved with periodic calibration on measured re-
sponses for bright astronomical sources to compensate
for receiver phase and amplitude drifts.

6) Bandwidth: Some scientific observations require broad
bandwidths of an octave or more. Digital beamforming
over such large bandwidths poses a serious challenge.

7) Mutual coupling: Strong electrical coupling between
closely packed array elements leads to increased noise
correlation and affects the optimal beamformer for a
given observation scenario.

8) Radio frequency interference (RFI): Observations in
RFI environments outside protected frequency bands are
common. Interference levels below the noise floor may
be as problematic as strong interferers, since they are
hard to identify and attenuate. Cancellation approaches
also cause pattern rumble which limits sensitivity.

The goals of this paper are to present new results addressing
these signal processing challenges for PAFs, and to moti-
vate further progress in hardware and algorithm developmen
needed to realize science-ready array feeds. Sectiondépte
mathematical models for signal and noise, and describes our
calibration procedure. Section IIl discusses challengesak
signal detection in the RA environment and derives expres-
sions for antenna performance metrics such as sensitivity
and efficiencies. Use of PAFs for mitigating interference is
addressed in Section V. Concluding remarks are found in

applications in communications, radar, sonar, or remats-seSection VI, and notation is defined in the Appendix.
ing. These issues, and the models, analysis, and expeament

results presented here, apply both to single dish telescope

and interferometric arrays of many dishes, each with a PAF at Il. SIGNAL MODEL

its focal plane. Some of the special conditions encountegred _
astronomical signal processing are: A. Sensor Array and Beamforming

1) Radiometric detection: A basic observational mode in We assume narrowband operationBo<< D/C, where B
RA is “on-source minus off-source” radiometric detecis bandwidth,D is the PAF diameter, and is the speed of
tion. This requires stable power estimatesijobystem |ight. As illustrated in Figure 2, thé> element PAF produces

noise plus weak signal of interest, anyi noise power g |engthP x 1 baseband data vector at time sample
alone with the sensor steered off the signal of interest.

The standard deviation of the noise power estimate Q
determines the minimum detectable signal level, so that x[n] = as[n]+ Z vy [n]dg[n] + nln)
long integration times (minutes to hours) are required. q=1
2) Low SNR: Deep space signals are extremely faint. SNRs
of —30 to —50 dB are routine. where s[n] is the signal of interest (SOIn[n] is noise, and

3) Low system temperatures:. With cryo-cooled LNAs, re- dq[n] is one of @ “detrimental” interfering sources. Vectors
ceiver noise temperatures can be as low as 5K at &-andv,[n| are normalized array responses to unit amplitude
band, including LNA noise, waveguide ohmic lossegoint sources in the far field at directions corresponding to
and downstream receiver noise. With high spillover effis[n] and d,[n] respectively.v,[n] is non-stationary over the
ciency and low PAF pattern sidelobes, sky and spillové®ng term due to interferer motion. Since motion is reldsive
noise increase system temperatures nominally to 1580w compared to the sample rate, ovetime samples called
Traditionally, this is an antenna design issue, but féhe “short term integration (STI)” window, the,[n] are
PAFs it becomes an array signal processing problemapproximately constant. Large bandwidths of interest in RA

4) Sability: System gain fluctuations increase the receivée.g. up to an octave) can be handled by subband processing,
output variance and place a limit on achievable sensitigomputing successive windowed FFTs for each sensor, and

ity that cannot be overcome with increased integratiggpeating the architecture of Figure 2 in each frequency bin

time. For a PAF, response fluctuations caused by beam-Assuming zero mean signals, the sample covariance matrix
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Noise : M) where Ry, is the spillover noise correlation matriR, is

the sky noise contributio,.ss represents thermal noise from
the antenna elements, altl... is due to noise added by the

g front end amplifiers and receiver chains.

e &= A numerical model for an array feed system can be de-
veloped using antenna analysis techniques and microwave
network theory. By the electromagnetic reciprocity prpie;
the signal responsa, of the array can be obtained from the
embedded array element radiation pattefhs(€2), which are
defined by driving thenth element with a unit input current
excitation while the other element terminals are open diedu

Fig. 2. Block diagram for signal processing of an example @pplication, The spillover noise response can be obtained by integrating

;”;é%?r'glgdi?]S"’i‘gaF;'éeD)bgi?r;(gt?;ﬁf to cancel interferenaiioed by power the element patterns with respect to the angular thermaenoi

distribution. The spillover noise correlation matrix islJ1

of interest yIn] = wx[n]

Wp.i

. o Rep = 16k, Tround BQA, QY 4
for the jth STI window is defined as P tTgrouna BQAQ “)
G B wherek, is Boltzmann’s constant anB is the system noise
A 1 HE H 1 H equivalent bandwidth (noise temperature in degrees Kesvin
7 L RZL x[njxn] L7 @) related to the noise power spectral density by’). Q is
] - ) ] the relationship between open circuit voltages at the awaten
X; = [XULLx[GL+1] - ox[(+ 1)L = 1]]. terminals to receiver output voltages and can be obtained
The multiple beamformer output is formed by using network theory [12]A;, is a matrix of pattern spillover
overlap integrals given b
yiln] = wﬁjx[nL 0<i<K, j=|n/L]. (2) P g 9 y
where a distinctw; ; is computed for each mainlobe steering Asp,mn = /Q Em - By dQ ®)

angle,Q;. For fixed beamformingw; ; will not depend ony. _ _ - .
For adaptive interference canceling or sensitivity optetion, where ), is the solid angle from the refiector rim to the

w; ; is recomputed at each STI window based on Covarianggr'zonk‘ The recre]|v$r fZOISerscC g\an be modleled ul_smgl thg
estimateR, ; using any one of the beamformer methodtgewvOr Iagproacf: fo E ],d[ J l.rfr.ay mutua ?%upmg eads
described in section V. o correlation of front end amplifier noise arf,.; is in

In a practical PAF scenario the beams are steered inggneral non-diagonal. Sky noiB&, is usually less important

hexagonal grid pattern with crossover points at the -1 to ;gan other contributions at m_icrowave frequencies_and_lvﬂll
dB levels. The total number of beamk,, is limited by the neglected here. In the numerical results presented in #gemp

maximum steering angle (which is determined by the diameltgre elements will be modeled as lossless, so s = 0.
of the array feed), by the acceptable limit for beam distorti

or coma, and by the available processing capacity. C. Calibration
Due to strict beampattern stability requirements, it will
B. Noise Model be necessary to perform periodic calibration on the array to

correct for electronic phase and gain responses which may

no?nﬁggf’i;t?;r;heem'?F;o;tj#iz?er?; lo(‘j’\étzsetgrpnggse f:;r igls'tr8fift differentially over time. Characterization of chawgyin
’ y fgr] the LNA noise temperatures is also important.

essen';lal (;O stlt?nal prolcti_ssmgt alqtonthn; tsr:udles_. quqm‘? Bench-top pre-calibration is of no practical use beyond
array feeds, the correfation structure ot the noise Is @artl, ¢ gain characterization. Calibration must includerel

ularly important, and a simple, uncorrelated noise model Rctor. element pattern, mutual coupling, and array suppor
inadequate_. No_ise comp_onents for a typical reflector amen&ructdre effects. The r’eference source ’must appear in the
system ara) sp|IIover_n0|se from the warm ground__seen b¥ar field with no multipath, so for the large instruments in
thg feed beyond the rim of the ObSC“”!‘g reflector dlshsk)_/ _question, it is not realistic to provide a fixed man-made seur
noise from the atmospherg and cosmic background rad'at'f'ang integrations on the brightest available deep-spaceces

!”) noise caus_ed by ohm|p losses in antenna e_Igments.,, A dcalibrators are required. In the northern hemisphere the
v) receiver noise dug mainly to front end am_pl|-f|ers. Slnct%vo brightest continuum (broadband) calibrator sources ar
the spillover noise arrives at the feed from a limited angu'@upernova remnant Cassiopeia A and radio galaxy Cygnus A.

region, it is strongly correlated across the array. Frord en Since multiple simultaneous beams are possible with a PAF,

amplifier noise is also strongly correlated due to mUtual'COHaIibration must be performed for each directiéh, corre-
pling between array elements. The beamformer must aCCOEBBnding to a beam’s boresight, and any additional direstio

for this cor(;elagon to Ei.ﬁh'eve arcljopnmal reflgctorl |Ilumir$n | where point constraints in the beampattern response will be
pattern and reduce spillover and receiver noise. In gertae placed. Our proposed calibration algorithm is as follows:

noise correlation matrix has the form 1) Steer the dish to a relatively empty patch of sky so
R, =E{nnf} = Rop + Roky + Rioss + Riee (3) x[n] = n[n], and collect a long term (largé, e.g. 10
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minutes) sample covariance estimate for the noise fieldith a relatively short integration time. Even so, in the on-
R, using (1). source power spectral density (PSD) the signal is a small
2) While tracking the brightest available calibration goinperturbation of the noise floor. Only by subtracting the on
source, steer the dish to calibration angle (relative and off measurements can the spectral peak be identified near
to this source). The observed signal modekja] = 1665.27 MHz.
ag, s[n]+n[n], wheres|[n] is the calibrator source signal This power-differencing mode of detection has implicasion
andag, is the desired calibration vector. Calculsft@zi in the array signal processing approaches which may be ap-
using (1) and the samé as in step 1. plied. Noise floor response stability between on-source and
3) Repeat step 2 in a grid pattern corresponding to the dsf-source beamforming is critical. Typical minimum vare
sired distribution of beam centers and constraint pointsiethods (e.g. LCMV) may introduce variations in noise re-
e.g. for{Q; |1 <i< K}, sponses while minimizing total power in the presence of a
4) The estimated calibration vector is given &y, = u,, variable or moving interferer. Pattern rumble correctioaym
whereu; is the dominant eigenvector 6Rq, — Ry).  be required, as discussed in Section V-C.
It is necessary in step three to subtractBff since noise is
strongly correlated and even with long integration timésg, t 160 ‘ ‘ o ‘ ‘ ‘
available calibrator sources do not dominate the noisepsides “
sufficiently to keepn[n] from perturbingag,, . wr R

120} "\
Ill. SIGNAL DETECTION

Detecting a signal that is many dB below the noise floor
requires accurate power estimates of the noise plus signal
power (an “on” measurement) and the noise alone (“off”
measurement). Differencing of the two measurements yields
a signal power estimate. The minimum detectable signal leve
is determined by the standard deviatidxi’ of the noise
temperature (power) estimate. If the system gain is stable, T s 1oea totes detne e
is well known thatAT' decreases inversely as the square root ' ' Frequency (MHz) ' '
of the integration time. If the receiver gain is not stabl@l arrig. 3. on source, noise only, and relative difference paspectral densities
gain variability is not compensated for by calibration,te7"  for astronomical OH maser source W49N observed using the /RRBO

i ; S 19 element array feed on the Green Bank 20-Meter Telescape.s®urce
decrea_ses initially but asymptotically approaches a fixed | intensity at the peak near 1665.28 MHz is approximately 300 J
according to [1], [2]

D
o
T

Equivalent Antenna Temperature (Kelvin)
B @
o o

n
o
T

1 AG\?
AT = Tyys VTl (f) (6) IV. BEAM SENSITIVITY AND EFFICIENCIES

The key performance metric for an array feed is SNR at the

where AG/G is the standard deviation of the gain rEIatiV%eamformer output, which is [11], [14]

to the meanl,,, is the system noise temperature in Kelvin,
which by convention is referred to available power at the wHRw
antenna terminals. SNR= wiR,w (7)

To illustrate the integration and stability requiremeras f " ) ] ] _
astronomical observations, a moderately intense radicceouWhereRs = oaa™ is the signal of interest correlation matrix.
may have an intensity of 50 mJy (1 Jy 10~2° W/m2/Hz). The dependence of the_SNR or_i_the S|gnz_;\I flux density is com-
The gain of a 20 meter reflector antenna is approximatdRenly removed to obtain “sensitivity,” defined as the effet
70mK/Jy, so the equivalent antenna temperature due to fig¢eiving area relative to the system noise temperature,
signal is_3.5 mK. A typical sys_tem noise _tem_perf_;\ture at L— A, kB wH R w
band using cryo-cooled LNAs is 20 K, which implies an SNR T . wiRow
of —38dB. At a processing bandwidth oB = 10KHz, e s W HaW
detecting the signal requires roughly one hour of integrati whereF, (W/m?) is the signal flux density in one polarization.
time. Solving (6) forAG/G indicates system gain, includingFor a reflector antenna with a traditional horn feed, maximiz
variation or pattern rumble due to adaptive beamformingstmung sensitivity involves a hardware-only tradeoff betweper-
be stable to better than one part 6nx 103. Clearly, weak ture efficiency, which determines the received signal ppwer
sources pose a significant detection challenge for a PA€esimand spillover efficiency, which determines the spilloverseo
the beamformer response must be stable enough to allow veoptribution. With a PAF, sensitivity is determined by the
long integration times. beamforming algorithm as well as the array and receivers.

An example of a spectral line observation is shown in Figure To facilitate the joint hardware and algorithm design pesce
3, using data from the BYU/NRAO 19 element array feetbquired to optimize a PAF system, it is desirable to extend
on the Green Bank 20-Meter Telescope. Sky catalogue objdut figures of merit used in single-feed antenna design work,
W49N is a strong OH maser source and can be detectadluding aperture efficiency, radiation efficiency, andleper

(m*/K) (8)
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efficiency, to an array sensor. Using the electromagnetic recan be identified as a beam equivalent receiver noise tem-
procity principle, there is a direct relationship betweée t perature. To parameterize receiver noise performance as an
power radiated by a transmitting antenna and the noise powdficiency, we can define the noise matching efficiency
received by the same antenna in a spatially isotropic thierma Teoemmin

noise field, which allows these efficiency definitions to be N = Tr;c (15)

extended in a rigorous way to receiving arrays [11], [15]. . . . .
9 y 9 ys [11], [15] %réereTreC,min is the equivalent receiver noise temperature for

For a lossless, passive antenna, aperture efficiency is ; ) L . :
. . . . .2 . asingle, isolated receiver chain with optimal source ingoea
signal power received relative to the signal power inciden : . .
. . at the input. Due to mutual coupling;, is beamformer
on the antenna. Since the signal output power for an arr

is scaled by receiver gains and beamformer weights, tﬁgpendent and generally less t_han_ unity. . .
. ] . The goal with PAF beamforming is to achieve high aperture
beamformer output must be normalized to remove this scalin

: - . eﬁlmency (9) while also minimizing the spillover and recsi
before computing the aperture efficiency. For a passiveaate ~ . e . - o
: . . ; ! . : noise, so that the sensitivity (8) is maximized. Previousligis
in an isotropic noise field with brightness temperatiitg,

. . . have suggested the use of modeled field distributions in the
the available noise power at the antenna terminaig i3, B. ; .

. focal plane to infer a set of beamformer weights [16]. A more
By scaling the beamformer output to have the same proper

i ) n{forous approach is the conjugate field match (CFM) beam-
aperture efficiency can be defined for an array as former w = ag. The CFM beamformer does not maximize

P, kvTioB wHR.w sensitivity, however, and is inadequate for a high serisitiv
e = T A wiRw (9  RA instrument.
150 For a point signal of interest, sensitivity as defined in €) i
where A4,,, is the physical area of the aperture affd. = maximized with
A.pFs. The response of the array to an isotropic thermal noise w =R tag. (16)

field at temperaturéi,, up to a scale factor is . . . .
P iso UP Under assumptions of a single point source and no interfer-

Rico = 16k, Tio BQAQY (10) ence, this is equivalent within a scale factor to the clagsic
max-SNR and MVDR (Capon) beamformers [14]. Typically,
where the pattern overlap integral matfixhas elements given this type of statistically optimal beamformer is viewed as
by (5) but with the integral evaluated over a full sphere.  an adaptive algorithm. For RA, however, the noise environ-
Using (10) and (4), the beam spillover efficiency can b@ent is quasi-stationary, an,, and ag, are available as
expressed as byproducts of the calibration procedure of Section I[I-CeTh
Tio WHR,, W max-sensitivity beamformer can be used in what might be
T Hip (11) termed a “fixed-adaptive” mode which is data-dependent from
sp W Risow . . - - .

a calibration phase but remains constant during obsenstio
whereTy, is the brightness temperature in the complenikpt We recommend this approach for PAF beamformer design
of the solid angle subtended by the reflector. This definitian all fixed beamforming, even when adaptive interference
is equivalent to the IEEE standard convention for spilloveranceling is not needed. By optimizing sensitivity, thetbes
efficiency, which is given for a transmitter as the ratio ogfossible trade-off is achieved between performance nsetric
power intercepted by the reflector to the total radiated ppwsuch as spillover efficiency, aperture efficiency, and rexei
and assumes a constant spillover temperature distribufionnoise. Due to the complexities of non-identical element pat
a more detailed spillover noise model is desired, (4) arerns, correlated noise, mutual coupling, and the difficolt
(5) can be modified to account for a non-uniform brightnesseasuring calibration vectors on a dense grid over the &} p
temperature distribution, such as warm ground and cooler dlern, including spillover region, other traditional detenistic
above horizon. The beam radiation efficiency is beamformer design techniques intended to meet a specified

dish illumination pattern are simply not practical.
(12) To illustrate these considerations, we present modeled re-
W (Riso + Rioss)W sults for a PAF on a reflector consistent with the Green Bank
0-Meter Telescopef(/ D = 0.43). The PAF is a 19 element
gxagonal array of dipoles with.6 wavelength spacing at
1600 MHz backed by a ground plane. The elements are
modeled as lossless, 3.4 = 1. The field scattered by the
reflector is computed using the physical optics approxiomati
Results are shown in Figure 4 as a function of the minimum
Ao NeadTap Aap 13 receiver_noise temperatutEfec,min, which is a measure of
Tuys = a1 — 1sp) Top + (1 — 7vac) Ta + Trec (13) the quallty of the receivers. The range s.howni‘?pcrcﬂmi,[1 ap-
proximates a continuum of amplifier noise performance from

where T, is the physical temperature of the array elementgpical communications systems to the cryo-cooled ampdifie
and used in radio astronomy systems. For srifall ,in, the beam-

T —T W R ecW former under-illuminates the reflector and sacrifices apert

rec — 4diso H (14) .. . ) | -
w7 (Riso + Rioss)W efficiency in order to reduce spillover noise. Bt.c min = 5 K,

TNlsp =

WHRiSOW

Trad =

whereR s here assumes that the physical temperature oftﬁ
array elements igi,,. This quantity measures the effect o
loss in the antenna elements on the system noise.

By inserting (9)-(11) into (8), the sensitivity can be ex
pressed as
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e et fiuiioiieiulioiiedinlieliniivlinli m---E-=--4 more warm air, raising the observed sky temperature. By
50-9 continuously adapting to this changing noise environment
§ 0.8 with the maximum sensitivity beamformer of (16), the fully
£ 07 Aperture Efficiency ] adaptive PAF is shown to have lower total noise output than
0.6 e e ioncy when weights are fixed at the optimal solution for the zenith
0.5, 20 40 60 80 100 120 pointing. For elevation dependent fixed-adaptive opematio
the continuously adapting beamformer weights can be pre-
o 100 ‘ ‘ ‘ Modol computed from a calibration cut in elevation, and called up
e ' - - -ArealT, later from a lookup table as a function of pointing elevation
2 5ol 4 ] The CFM beamformer yields a minimum noise power level of
:% XN 8.65 on the same scale as Figure 5 when applied to the same
§ N data set, and thus performs worse than either of the curves
O L n T
0 20 40 60 80 100 120 plotted.
Minimum Receiver Temperature (K)
Fig. 4. Modeled beam efficiencies (top) and sensitivity to) for a V. RFI MITIGATION
19 element phased array feed and 20 meter reflector. Thetigigndiound . .
Aup/Troennin (L€ Tlap — Moot = 1n = 1) i also shown. Perhaps the most compelling argument for an active, adap-

tive PAF as opposed to fixed beamformer weights is its poten-
tial for interference mitigation by placing spatial nulls the
Nap = 66%, Tiys = 5.4K, and A,/Tsys = 38.3m%K (these direction of offending sources. As contemporary sciencsjo
values are optimistic since the model neglects effects agchincreasingly require observing sources outside the toauit

ohmic loss, blockage, and feed support scattering). Wiéh tRrotected spectrum bands, a critical need is developingab d
suboptimal CFM beamformery,, = 83%, Tiys = 30.8K, will ubiquitous man-made interfering signals such as &tel

and A./T.,. = 8.5m?/K. The aperture efficiency for the downlink transmissions [17], [18], radar systems [19],][20
optimal beamformer is lower than that of CFM, but the overafiil navigation aids [21], wireless communications [22]dan
sensitivity is higher by 6.5 dB, which highlights the need fodigital television broadcasts. A variety of mitigation medtls

the noise-dependent beamforming strategy described abovBave been studied by us and others for single dish obsemyatio
including adaptive filtering using a reference antenna,[18]

[23]-[25], time blanking [19], [20], and parametric signal
— — : ‘ ‘ estimation and subtraction [17]. Also, array spatial fittgr
7.5¢ :Fﬂﬁiig‘:};’f\fg’; o sema b :n‘i?;?:ﬁgr“er has been studied by us and others for synthesis imaging with
7.48t 1 large dish arrays and beamformed aperture arrays [23]-[26]
[30]. Post correlation interference mitigation has beeadus
with the Parkes Telescope HIPASS horn feed array [31].
The phased array feed offers a promising new (for ra-

-14 i i
% 10 Noise power vs. elevation
T T

units

ry
N NN
O N
N > [<2)
T

©

§ dio astronomy) approach to exploit the spatial structure of

5 T4r the interfering signal for mitigation. Any number of well

8 738/ known adaptive canceling beamformers or spatial filtering

IS methods can be considered for PAF interference canceilatio

S 7.36F . . - . ) )

- including minimum variance distortionless response (MVDR
7341 maximum SNR, minimum variance linear constraint (LCMV),
7.321 subspace projection, generalized sidelobe canceler (GBQ)

73k several robust constrained beamformers [14], [32], [33].

80 70 60 50 40 30 20 16
Elevation angle in degrees
Fig. 5. PAF sensitivity optimization over pointing elewati angle from A Cha”enges for Active PAF Interference Cancellation

BYUINRAG 19 element PAR. When allowed 1o adapt wil topreis, __E/E1 With the potential advantages, active PAF interfezenc
the beamformer exploits anisotropy in the spillover nois&lfio reduce total Cancel'ng has to this point remained a research topic faorad
noise power. The peak nea° is due to passing through a deep space sourcastronomy. It has yet to become an operational tool at any
of the world’s major instruments. We identify the following
Figure 5 illustrates another promising advantage of usikgy challenges that can arise specifically due to active PAF
an adaptive PAF in RA applications. These are the first exiterference cancellation. These must be resolved or rbette
perimental results to demonstrate that a PAF can increaswlerstood before adaptive canceling PAFs can be embraced
sensitivity by exploiting the non-istropic noise field as thin the radio astronomy community.
dish tips to different elevation angels. With the dish peitht 1) Mainlobe beam pattern distortion: Adaptive beamform-
to zenith, the PAF spillover pattern sees warm ground. At mé&ts must distort the desired quiescent (interference freajn
elevations the upper spillover sidelobes see cold sky. Wt Igpattern in order to place deep nulls on interferers [14]. For
elevations, noise in the dish main lobe begins to dominastronomy, even modest beamshape distortions can be unac-
since its oblique sight line through the atmosphere cutaigfin  ceptable. A small pointing shift in mainlobe peak response,
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mainlobe is held stable using constrained or robust beam-
former techniques. Figure 9 below illustrates the negative
effect on integrated noise floor estimates when adaptive can
celation perturbs sidelobe patterns.

No known adaptive beamformer can maintain sidelobe de-
tailed structure while canceling a moving interferer. Enher
are insufficient degrees of freedom to constrain the entire
sidelobe pattern. A recent promising method provides both
mainlobe shape and maximum sidelobe level control for in the
presence of strong interference [37]. Though detailedcide
structure is not maintained, peak sidelobe levels are kalpthb
a specified limit. Unfortunately the method requires caliton

5 information for the entire constrained sidelobe regionisTi&
impractical or impossible for the PAF fed RA telescope dish,

0o . 4 327 except in simulation.
-5 .
Angle in degrees

50 o

-50

Gain in dB

-100.| . -
1500

STlIndex 500

3) Cancellation null depth: The typical astronomical signal
Fig. 6. LCMV beam pattern variation over time (STl index) #o19 element power level is 30 dB or more below the system noise. Cancel-
PAF on a 20m dish with a strong moving interferer. The patierfior an ; A
elevation cut in the far field, combined PAF — dish respons#) dish and Ing nulls ”?“St be deep enoth to dm./e interference b(?IOW the
beam pointed to zenith. Inset shows mainlobe detail withisetor all sTIs SOl level, i.e. below the on—source minus off-source dietect
plotted on the same axes. Angle is relative to boresight.iffteeferer followed limit, not just to the system noise level.
;s\"l’;ﬂnarc in the sidelobes spanning {180°) to (70°, 30°) in azimuth-  Nost algorithms require a dominant interferer to form deep
' nulls. Minimum variance methods (MVDR, LCMV, max SNR

etc.) which balance noise variance with residual interfeee

coma in the beam mainlobe can corrupt sensitive calibrate@wer cannot drive a weaker interferer far below the noise
measurements of object brightness spatial distribution.  floor. Zero forcing beamformers like subspace projectiom ca

A potential solution is to use one of several classical coflfive deeper nulls, but interference subspace estimason i
strained adaptive beamformers [14], [34], [35]. More receRoor without a dominant signal, and null depth suffers. Shor
developments in robust beamformers and could improve maiftegration times, needed to avoid subspace smearing with
lobe constraint performance in the presence of calibratiB#oving interference, increase covariance sample esbmati
errors [33], [36]. These methods must be studied for suitgbi error which also limits null depth.
in the PAF, large reflector, radio astronomy application. We are studying a few approaches to solve this open prob-

Figure 6 illustrates some aspects of the problem. The§&. First, we have shown that use of auxiliary antennas
results are from a detailed full-wave simulation of a 20nhdissteered to obtain high interference-to-noise ratio (INRjad
and 19 element PAF. INR was 40 dB and the interferer df@n significantly improve cancellation depth when compared
not encroach on the mainlobe or near sidelobes. A sindf Other array processing algorithms [23]. Second, low orde
mainlobe constraint at the peak was employed. Note tHearametric models can be used to represent moving interfer-
there is significant variation in the mainlobe even thoug#nce covariance structure evolution over windows longan th
interference stayed in the deep sidelobes. This suggests the ST! stationarity time limit which typically bounds satep
several additional constraints would be needed over the 2cpvariance integration. Significant work remains to be done
pattern to maintain shape. on this topic.

2) Sdelobe pattern rumble: A more subtle undesirable
effect is that variations in the PAF dish illumination sidlet B. PAF Adaptive Cancellation Methods

pattern (*pattern rumble”) translate directly to an in@@an  \ye will consider LCMV beamforming and subspace pro-
the minimum detectable signal level for the radiometeruFag jection beamforming as representative adaptive canceling

11 below illustrates the sidelobe rumble effect. _ gorithms. At each STI the well known LCMV weight is
Weak astronomical sources can only be observed by in smputed as [14]

grating the received power for a long period to obtain separa . .
low variance estimates of signal plus noise power (on sdurce wi; =R Bi[B//R_ B 'f; (7)
and noise only (off source). Both signal and noise mu

. ere columns oB; and response vectdy define a set of
be stable to an extreme tolerance requirement over the full .
: S Ihear response constraints on thtéh beamformer steered to
integration time.

. Heyr.  _ f. i
The noise field seen by the PAF is dominated by spiIIon“ such thaB;"w; ; = f;. These are typically used to control

. . . . OVERainlobe shape, and can be constructed féam estimates
:eg|ofr|1 tl'lemg?l gkroundBradlatmn, ?Ltj[t_]_th's IS nton-lsotrorﬂnula p||'ovided by the calibration of Section II-C.
0 r_et_ec or tr?c ;A?IS _detlzall;se to tIS E.m'tst:) rop_>|/|, evenismalrhe subspace projection beamformer has time-varying
variations in the sidelobe structure in the spilloveyioa ‘weight vector given by

can significantly perturb beamformer noise levels, causing
intolerable time variation. This occurs even if the beantgyat wi; = Pyjw;, P; = I—Ud,jUij (18)
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Fig. 7. Experimental results for the BYU/NRAO L-band 19 eterh PAF , radian frequecy x Tt

on the Green Bank 20-Meter Telescope, Nov. 2007. RFI mitigaising the

subspace projection beamforming. Interference was a gd@iv transmitter Fig. 8. Simulated pattern rumble bias correction results6®0 MHz for a

in deep reflector sidelobes, while the dish was stepped iratde through 19 element PAF on a 20m diameter dish withD = 0.33. The interferer

the source, 1/4 beamwidth per stefy.D = 0.43. is the dominant FM modulated tone seen centered at —0.377 in the
conventional fixed beamformer PSD response. Inset showanded noise
floor detail. PSD levels are normalized for equal responsth@éoSOI. The
dish and beam are pointed to zenith. The interferer followespiral arc in

. . . . . the sidelobes spanning (1080°) to (70°, 30°) in azimuth-elevation during
whereP; is an estimate of the perpendicular projection matrixzoo STI periods of, = 1024 samples each.

for the interference subspac¥,; = [vi[jL].---,vg[jL]].
Ug,; contains normalized eigenvectors corresponding to the
Q largest eigenvalues in the decompositien ; = U;AUY estimator as follows

such thatU; = [Ug,; | Ugin,j]- - O,y e M-l

Fixed beamforming weightv; is designed for the desired Sy = (Wi @wi)C Z {(P-j (FFTN{X; ©T1))
quiescent beam response with mainlobe steered; t®ue to /=0
the difficulty in calibrating the PAF response over the entir o(P;(FFTN{X; ® F}))*} ; (19)
spillover region, we advocate using the “fixed adaptiverhea M1
former of (16) usingR,, andag, taken from the calibraton ¢ — 1 Z (P, @ P*)
procedure of Section II-C to calculate;. Alternatively, to M i—o !

provide additional mainlobe shape constraintsvip (17) can

A . . . FFT N - i -di i
be used, replacin@,; with off-source calibratiorR.,. where ~{-} denotes theN point one-dimensional fast

Fourier transform along matrix row8/ is the number of FFT
Figure 7 presents new observations obtained during aMindows which are averaged, and, andP; are defined in
recent PAF eXperimentS on the NRAO Green Bank 20'Metg8) Each row ofl is a copy of the tapered window (eg

Telescope. The improvement in signal of interest respong@mming) used to reduce spectral leakage, arid a scale
using subspace projection beamforming to reject an intrfefactor to correct bulk scale bias introduced By

is quite significant. It was shown that for a small uniform line array (19)
produces an “effective beam pattern,” on average over the
full integration interval, which exactly matches the quaiest
beamformer that non-adaptiwe; alone would produce [39].
Pattern-rumble-induced PSD bias is also removed. These cor
rections are accomplished while canceling the interfeXer.

_ _ _ other known adaptive array processor is capable of this.

We have recently introduced an algorithm [38], [39] which Figyres 8 — 11 present new results of a detailed numerical
adapts the corrected spatial filtering approach of Leshe agmation for the electromagnetic response of a 19 element
van der Veen [40] to the problem of power spectral densijar on a 20m dish with a strong moving interferer seen deep
(PSD) estimation with a sensor array. When conventiongl he dish sidelobes. The algorithm succeeds in maintginin
PSD algorithms are applied to the output of an adaptiye herfect effective beamshape for both the far dish pattern
beamformer, as in Figure 2, a significant bias error appegj$ the sky, and the PAF illumination pattern on the dish. An
in the spectrum due to beampattern variation (pattern rembl /1) — () 33 was chosen for the simulation since it results in

while tracking a moving interference. The new bias corctesmewhat more pattern rumble than theD = 0.43 of the
subspace projection beamformer removes this error. Green Bank 20-Meter Telescope. '

Instead of the cascaded beamformer and PSD estimator ashese results are the first to demonstrate that bias carnecti
seen in Figure 2, we proposed a joint adaptive canceler asaffective in a PAF and large reflector environment, inoigd

C. Correcting Pattern Rumble Bias
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Subspace Projection Pattern Rumble
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Fig. 9. Difference (error) between cumulative integrate@rbformer noise =70
power estimate and true noise power for a 19 element PAF maitel 20
meter reflector,f /D = 0.33. With bias correction, increased integration time
yields a noise power estimate which converges at the thealrette to the
expected noise power (the 1/2 sample error stdv. curve). Without bias
correction additional integration time fails to reduceoervariance. Fig. 10. Main beam (dish and PAF) pattern rumble with subsgaojection
algorithm over many STI windows for 19 element PAF model vdhmeter
reflector, f /D = 0.33. The bias corrected effective response pattern is shown
. . with the solid black line. It exactly matches the quiescdited weight
non-identical, complex element response patterns, refleCtonventional beamformer.
beam focusing effects, strong mutual coupling, and caedla
receiver and spillover noise. Previously, bias correctias Subspace Projection lllumination Pattern Rumble
only known to fully correct the effective beampattern for a 0 ‘ _ ‘ ‘
uniform line array. The electromagnetic simulation usedein
element modeling for the PAF, microwave network theory for

receiver noise, and physical optics for the reflector. -20f

_go i " ‘
-5

0
Angle in degrees

Pattern rumble in the spillover region has biased the noise §
floor PSD estimate high, even with long integration, for both & | 1
subspace projection and LCMV cancelers. The bias correctec § —a0t |
algorithm solves the problem, bringing the noise floor doant &
the level that would be seen by the conventional fixed weight & -50f 1
beamformer in the absence of interference. © 6ol |

For this experiment the total in-band power INR was +40
dB. The SOI is a multiband filtered Gaussian random pro-  -7ot
cess, seen as a step pattern betwe@rmbr < w < 0.257. i
SNR was -5 dB, which though higher than a typical deep 8%y 0
space source, provides a clearly readable illustratiore Th Angle in degrees
conventional beamformer PSD is completely dominated by thg. 11. lllumination pattern on the dish for the bare PARgmwith subspace
interferer, and would fail at estimating SOI spectrum ilgsigprojection algorithm over many STI_Windows for 19 elemepFR;ﬁodeI With_

. L meter reflectorf /D = 0.33. Vertical lines denote the dish rim. The bias
the interference band. LCMV and subspace projection b rected effective response pattern is shown with thed soliack line. It
effectively cancel interference, but raise the noise flosr axactly matches the quiescent, fixed weight conventionairibermer.
seen in the inset. The bias corrected PSD completely cancels
interference but has the same noise floor level as the non-
adaptive conventional beamformer, outside of the interfee  subspace projection converges at the theoretical? rate
spectrum. toward the true power. For the example source described in

The demonstrated level of noise floor bias due to uncdsection lll, the signal of interest would not be detectalsiglu
rected interference cancelation seems small, but would the integrated noise power estimate bias is below 3.4 mK.
catastrophic when trying to detect mJy andy level space  Figures 10 and 11 show another significant aspect of bias
sources. This is particularly true since with a moving ancbrrection. Simulated elevation cuts through the main beam
perhaps intermittent interferer, the bias levels in onrseand (combined dish and PAF) and dish illumination pattern of the
off-source PSDs would be different. bare PAF array are shown. The same moving interferer sce-

Figure 9 shows the importance of bias correction for longario as in Figure 8 is used with the 19 element PAF and 20m
integration detection. The simulation scenario matchgsiféi dish. Patterns for each STI are over-plotted on the same axes
8, but with no SOI. Total noise power sample estimates in illustrate the range of variation over time. The soliddila
beamformer outputy;[n], are shown for subspace projectiorturve represents the effective bias corrected beampattem
with a strong interferer present. With increasing inteigrat the full integration window. It exactly matches the quigdce
time the uncorrected subspace projection fails to convergeampattern formed using fixed weights;.
due to pattern rumble bias. On the other hand, bias corrected he effective bias corrected pattern is computed by storing

100
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projection matricesP;, formed during a run with the signal 1) E{A} : Expected value of random.

plus noise plus interference data. A new probing data set?2) E,,(Q2): Far-field electric field pattern at spherical angle
Xa,,j. 0 <j < M, is generated with a single far-field point Q) due to array element m.

source at anglé);, and no noise or interference. Effective 3) |a| : Floor operation, rounding toward zero.

response in directiof); is computed using the previously 4) «* : complex conjugate of.

savedP; with probe signalXq, ; in (19). The process is 5) AT, A : transpose and conjugate transpose\of

repeated for each plotted arrival angle. 6) A : estimate ofA.
The wide variation in main beam (dish and PAF) pattern 7) A @ B : Kronecker matrix product.
over the STIs is entirely unacceptable for the precise radio 8) AoB = [a; ® by, - ,ay ® by], Khatri-Rao product.

metric observations needed for credible astronomicahseie  9) A ® B : element-wise, or Hadamard array product.
This is why astronomers have not embraced adaptive array
processing to deal with their interference mitigation peatos.

The bias corrected effective beam response resolves these

concerns for PSD observations. [1] John D. Kraus,Radio Astronomy, Second Ed., Cygnus-Quasar Books,
An interesting aspect of Figure 11 is the “hole” in the center  Powell, Ohio, 1986.

: - . S. Snezana and NAIC-NRAO Summer School on Single DishidrAg-
of the pattern. The quiescent beamformer fixed weights wer@ ronomy, Single-dish radio astronomy : techniques and applications -

computed using (16) with calibration data. Apparently it is proceedings of the NAIC-NRAO Summer School, Astronomical Society
more important in the optimization to form sharper traosi of the Pacific, San Francisco, 2002.

: ; [3] A.R. Thompson, J.M. Moran, and G.W. Swenson kiterferometry and
to low sidelobe response at the dish edge than to enforceld Synthesis in Radio Astronomy, Second Edition, Wiley-Interscience, New

smooth pattern across the dish. The hole covers only a small york, 2001.
central area of the dish under the obscuring feed array. TH# L. Staveley-Smith et al, *The Parkes 21-cm multibeamereer,”

ity ; ; ; ; i hi Publications of the Astronomical Society of Australia, PASA, vol. 13,
.SenS.ItIVIt.y achieved with FhIS solution is hlgher than aml_ym pp. 243 —, 1996, see also http://www.atnf.csiro.au/resgarultibeam/.
illumination pattern possible for the 19 element PAF, ielu (5 jR. Fisher and R.F. Bradley, “Full sampling array fedds radio

ing smooth response, hole-free patterns. For larger areays  telescopes,Proceedings of the SPIE, Radio Telescopes, vol. 4015, pp.

.. . . 308-318, 2000.
characteristic FIR filter paSSband r|pple pattern appears. [6] Chad K. Hansen, Karl F. Warnick, Brian D. Jeffs, J. Rich&isher, and

Richard Bradley, “Interference mitigation using a focahme array,”
VI. CONCLUSIONS Radio Science, vol. 40, doi:10.1029/2004RS003138, no. 5, June 2005.

i i i i Bruce Veidt and Peter Dewdney, “A phased-array feed detrator for
Signal processing for r§d|o teI(_escop|c phas_ed array feedd radio telescopes.” iroc. URS General bly. 2005,
offers a rich and challenging regime for algorithm deve|0p{8] R. Maaskant, M. V. Ivashina, R. Mittra, and N. T. Huang, atRllel

ment. Due to the extremely tight system tolerances and low FDTD modeling of a focal plane array with Vivaldi elements te

noise requirements for astronomical observations, anrateu ~ highly parallel LOFAR BlueGene/L supercomputer,”  Rroc. IEEE
. . . . . Antennas and Propagation Symposium, Albuquerque, NM, June 20-25
signal and noise model is required in order to assess the key 5q06, pp. 3861 - 3864.

factors that affect beamformer performance. This is egflgci [9] International SKA Steering Committee (ISSCA project home page,
true in regard to correlated spillover and receiver noise. | _ 2008, http//www.skatelescope.org/.

der to ch terize th . f . b f m[(]:)_0] J.R. Nagel, K.F. Warnick, B.D. Jeffs, J.R. Fisher, and Bradley,
oraer to characterize the periormance of a given beamiormer “Experimental verification of radio frequency interferenanitigation

we have extended the standard definitions of antenna figéires o with a focal plane array feedRadio Science, vol. 42, 2007, RS6013,
merit, such as aperture efficiency, to an array feed. Even for EO'E1%029/EOOZR§083§3% 5 icionci -

. . P . . F.Warnick an . D. Jeffs, “Beam efficiencies an systtempera-
non-gdaptlvg peamformlng, .statlstlcally. optimal beamrf_er ture for a focal plane array,” Tech. Rep. http://hdl.harmi$/'1877/588,
solutions will likely be required each time the array is re-  Brigham Young University, Provo, UT, Nov. 2007.
calibrated. [12] K. F. Warnick and M. A. Jensen, “Optimal noise matchiog fmutually-

Of particular importance is the gain and pattern stability gg”Fr’]'gd6arg";)ysl"?g%i%‘?%cﬂ2252%%9”@”35 and Propagation, vol.

required for radiometric detection of weak signals. In thesp [13] k. F. warnick and M. A. Jensen, “Effect of mutual cougjiron
ence of interferers, adaptive algorithms which have adequa interference mitigation with a focal plane array,l[EEE Trans. Ant.

i mati it Propag., vol. 53, no. 8, pp. 2490-2498, Aug. 2005.
performance for communications applications are unusa }.2] H.Lr.)\/gan Trees DetectionppEstimtion and Mo%ulation Theory, Part 1V,

for radio astronomy. The well known adaptive cancelers can” optimum Array Processing, John Wiley and Sons, 2002.
lead to a system power bias which is small in absoluf&] K. F. Warnick and B. D. Jeffs, “Gain and aperture efficigrior a

; ; reflector antenna with an array feedEEE Antennas and Wreless
terms, but for qstronoml_cal obs_ervanons would completely Propagation Letters, vol. 5, no. 1, pp. 499-502, 2006.
obscure weak signals of interest in many cases. We presenigfl m. lvashina and C.G.M van't Klooster, “Focal fields infletor

modeled results for a bias correction algorithm which reesov ~ antennas and associated array feed synthesis for highestficimulti-

i i i ; beam performances,” iRroceedings of the ESTEC Antenna Workshop,
the bias caused by pattern rumble associated with adaptive Noordwiik, The Netherlands, Sent. 2002.

cancellatio_n. Our initial _e>_<perimental reSl_JIts are pr_dmg's [17] JF. Bell S.W. Ellingson, J. Bunton, “Removal of the GNGSS C/A
but resolving the remaining open technical questions will  signal from OH spectral line observations using a parametadeling

require cooperative research in several disciplinesuiing 18] fgh’;gﬂieﬁﬂg’%‘yig?fjslffﬂvm& Vghffhp%i fﬁg%%rium')r’nza%?el-
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