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Abstract— It is shown that adaptive canceling arrays which Nle Noise : Mal]

track interference by regular updates of the beamformer weghts
can introduce a spectral null at the excised interference &-
qguency. This PSD estimation bias effect we call “spectral sop-

=w/x[n]

ing” is most prominent for narrowband interference (i.e. occu- ) PSD Estimator éy
pying only a few spectral bins at the desired PSD estimation X P (e.g. periodogram)
resolution). Scooping is problematic in radio astronomy wiere . Y

bias in either the weak signal or noise floor spectra can corrpt /

the observation. The mathematical basis for scooping is died,

and an algorithm to eliminate it is proposed. Both simulated © Npuiln]
and real data experiments demonstrate the effectiveness dfie Intorforance N

proposed algorithm.

Index Terms— Adaptive arrays, Interference suppression, Ra- Fig. 1. Block diagram of the basic array PSD estimation syste
dio Astronomy, Spectral analysis

Wp.y

interferer and noise plus SOI which causes this unexpected
notch in the desired PSD.

A. Background Of course, placing a null in the PSD biases the estimate and
This paper considers using a sensor array to form a powsgin be as problematic as is incomplete interference caugceli
spectral density (PSD) estimate for a signal of interestl(SCFor radio astronomy, cancellation biases have been a source
in the presence of strong narrowband interference. We assush astronomers’ reluctance to adopt adaptive beamforming

the processing architecture of Figure 1. Though the prolidemechniques [9]-[11]. The focus of this paper is understagdi
general, our motivation arises from radio astronomy (RA) obhe causes of spectral scooping, and presenting a solution.
servation, where the SOl is very weak and there is frequentlyThe remainder of the paper is organized as follows. Section
disabling man-made interference. The array could be a set|® and I-C describe mathematical models for the sensoyarra
many separate bare antennas as proposed for some new lar@e array processing and spectral estimation architecture
RA instruments such as LOFAR [1]-[3], or a compact arragection Il defines the “spectral scooping” effect which is th
used as an adaptive feed at the focal point of a large diséntral subject of this paper, provides an approximateyaisal
telescope, as under study for the Green Bank Telescope [éfts origin, and introduces a proposed algorithm to mitiga
(8] the effect. Section Ill presents both simulated and reah dat
We will show that adaptive array interference cancellatiogxperimental results to demonstrate spectral scoopingand
can have an undesired effect of over-canceling to the pofatmance of the proposed mitigation algorithm. Conclusion
of notching out the baseline noise or SOI spectrum. Thighd observations are found in Section IV. Finally, extended
phenomenon which we have dubbed “spectral scooping” caerivations, mathematical notation, operators, and fanct
be seen in Figures 2, 3, 6, and 7 in following sections. lgefinitions are provided in the Appendix.
these examples, interference has been effectively caaiceyl
the adaptive spatial filter, but so has some of the noise and i
signal spectrum at the same frequencies. B. Sgnal Model
The problem is more prevalent when interference, evenConsider theP element sensor array of Figure 1, which
transiently, has a strong very narrowband component ($pgnnproduces a lengtl? x 1 complex baseband sample data vector
only a few PSD estimation bin widths) as may be encountered
with some navigational beacons, pilot tones, dominanierarr _
during quiet pagsages in AM modSIation, and a variety ofothe xln] = nl+ Z Valnldg[n] +nln] @)
modulation schemes. The scooping behavior does not occur
when adaptive beamforming weights are computed from exadtere s[n] is the SOIl,n[n| is noise, anddy[n] is one of @
array covariance matrices, but it will be shown that sampféetrimental” interfering sources. Vectoasandv,[n| are nor-

estimation error terms induce a coupling between a stroftlized array spatial responsessfa] andd,[n] respectively.
Assume thats[n], d,[n], andn[n| are mutually independent
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vq[n] varies, but ovelL time samples called the “short termequivalently FFT) operates separately along all matrixsrow
integration (STI)” window, it is approximately constant.eW of its argument. Settingg = 1/tr{ GG} properly scales the
will treat v4[n] as a deterministic, though unknown, functiolPSD estimate.

of time which depends on interferer motion dynamics and Exploiting stationarity over an STI and assuming spatially
the fixed element spatial response patterns. Examples bf suthite (i.i.d.) noise, define the time dependent array autoco
deterministic motion include interference seen at a raele-t relation matrix as

scope from downlink transmissions of a man-made satellite,

or from a fixed ground transmitter where apparent motion is  Re[n] = E{x[n]x"[n]} ~ R.;, j=|n/L]
due to telescope re-pointing to track sidereal motion ofepde Q
. _ 2 H 2 H 2
space source of interest. R.;; = ojaa” + Z 04,Vq.jVgj T oyl
The single—complex—weight—per—sensor beamformer archi- q=1

tecture of Figure 1 assumes relatively narrowband array Prerev. . — v [iL]. Signal levels, variances (e.g2 and
eration (or subband processing) such that B\D /c where Jad T vl 2 ' ) s .
( P 9) /e 02 ), signal to noise ratios (SNR), and interference to noise

BW 'S the processing bandwidtif) is the full array aper- ratio (INR) in the sequel are defined at sampled complex
ture diameter, and: is the speed of wave propagation. Atbaseband rather than at the antenna
microwave frequencies, BW can be as much as 20 MHz or o . .
more for a radio astronomical focal plane array. Thgn] The L-point, jth STI sample estimator dR,; is
are each assumed to occupy only a small fraction of the total G+1)L—1
BW, thus spanning only a few frequency bins at the desired R,, = L Z x[n]x" [n] (5)
PSD estimator spectral resolution scale. Each interfey m
however be at a distinct frequency. This near-single-feaqy
interference scenario is the condition that leads to splectNote that we do not in general requite= N, and that unlike
scooping during adaptive interference cancellation. the DFT windows, STls do not overlap.

It is desired to estimate the frequency sampled temporal
PSD of s[n] (possibly in combination with the noise PSD
without the corrupting effect of interfereds[n]. One straight- A
forward approach is to compute a beamformer steeredifo =~ Beamformer weightsw;, are computed fronR, ; such
followed by a sample PSD estimator, as in Figure 1. Let thikat interferers will be cancelled while steering a highngai

n=jL

)C. Subspace Projection Adaptive Beamformer

beamformer output be mainlobe towards[n]. The beamformer is updated each STI
_ to track interferer motion so that
yln] = wix[n], j = [n/L] )
wherew; is an adaptive weight vector computed for tjte wi'V; ~ 0 where
STI. V, = [Vij,---,vo,l-

A PSD estimate,S,[k], can be formed fromy[n] using
Welch’s overlapping windowed averaged periodogram [12], Any number of algorithms can be considered, including
M1 |N—1 2 LCMV, MVDR, maximum SNR, and subspace projection
& _ 7 _ —i2nkn/N spatial filtering [13]-[20]. Though we have observed spec-
Sulk] = M Z Z glnlyln +m(N = O)e tral scooping in each of these mentioned algorithms, in our
(3) application we prefer subspace projection since its zero- fo
where g[n] is a length N spectral shaping window (e.g.ing properties often form deeper cancellation nulls. Tlis i
Hamming). For a fixed beamformer with; = w, (3) can particularly desirable in the RA where signals of interast a
be expressed in matrix-vector form as tens of dB below the noise level, so the following analysis

m=0 | n=0

&T 14 & will focus on this architecture. The time-varying (on thelST
ST = [$,00],--, 8,V —1]] nrecre. ;
Y o scale) subspace projection weight vector is computed as
Y ©2 .
m=0
5 M- . o2 wherew is a unit length deterministic beamforming weight
= 7 Z IDFTA{w"X,,G}| vector with the desired quiescent (interference-freghoase
m=0 and P; is an estimate oiPLj, the perpendicular subspace
v o2 projector forV ;. When interference dominates, the partitioned
= [w/DFTN{X,, G}, where  (4) gyp approach can be used to compute
m=0
Y = [y[m(N -0),---,y[m(N -O) + N — 1H f’j = I- ﬁd,jﬂgj (7)
Xy = [x[m(N-0), - ,x[m(N—-0)+N —1]]

T . Wherefjd,j contains the normalized eigenvectors correspond-
g = [gl0],-- g[N—1]]", G = Diag{g} ing to theQ largest eigenvalues in the decompositiep ; =

M is the number of DFT averaging windows used,is U;AUY, U; = [Uy; | U, j], andA is the diagonal matrix
the overlap between successive windows, and the DFT (@rordered eigenvalues.
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Il. SPECTRAL SCOOPING be expanded as
1 (j+1)L—1
Causes of spectral scooping are subtle. All cancellation isRaz,; = 7 Z (02 Vij + aqv; ez [n]
performed by spatial processing across the channels using n=jL

w;, which remains constant over an entire STI. However,

H  —iwgn H
scooping is a time domain phenomenon that appears in the +oaznlvye +2[njz [n])

DFTs used to compute the PSD estimate. The cause is an (j+1)L—1

underlying coupling between the spatial interference ekanc =o3v;vi + 7d vj Z 2 [n] ean

and the temporal PSD estimate that arises through the sample L neiL

STI covarianceR, ;. GaD)D-1
We have observed scooping in a wide range of simulated + gd Z zn] e~ | vH

and real data experiments for PSD estimation with an inter- L ) !

ference canceling array using several adaptive beamfgrmin o 5 9

algorithms. A simplified demonstration program to illustra tosaa” +o, 1+ E,

scooping behavior is available in [21]. This MATLAB (R) =Ry, + 9d (vj nf + njvf) +R. + E;, where

script shows how scooping occurs with both LCMV and L (11)

subspace projection beamforming, and how the proposed al- o

gorithm corrects scooping. . — e—iwaiL Z z[n + jL] e"iwan (12)
The following section presents a approximation analysis to =0

give insights into why scooping occurs from the perspecti

L : \§ample error in the SOI plus noise covariance estimate is
of subspace projection beamforming.

expressed byE;, such that

- 1
A. Analysis Equation (11) indicates that the terms involving or E;
account for all sample estimation error R, ;. They are
fhe only random components R ;. From (12),n; can be
recognized as the vector discrete-time Fourier transfam f

STI window j of z[n|, evaluated av = w,. As will be shown
below, this observation is key to understanding the cause of

To illustrate the mathematical basis for scooping, consid
a single narrowband interferer at frequengy. Figure 3
shows scooping effects for both subspace projection amgesin
constraint LCMV (i.e. MVDR) beamformers.

We assume that spectral scooping. A
For Gaussiars[n] andn[n], LR ; is distributed Wishart,
o3 > o2 > o2 which impIiesE{R_ZJ} =R,, E{E;} =0, and std\{Ej_} =
) 9 o?/VL element-wise, where? = o2 + o2 [22]. Also, it is
a2 /NL > o2 (8) : - -
n easily shown that?{n;} = 0 and stdyn;} = O(VLo./)

element-wise, where?, = o7 + S;[kq]. The PSDS;[k4] of

These requirements may appear restrictive, but for theoradin] is evaluated at birk; which contains the interference
astronomy application of interest, the signal power is gbvafrequencyw,, so 0727 < ¢% < o2, with the upper bound
less than the noise power, ang > 0727 is common. Also, the being achieved only if signal and interference have oveitap
second assumption is usually satisfied with typical paramespectra. Given that they are zero mean, we can use the sandar
values, for example witl = 1024, INR = 20 dB, and SNR = deviations ofn; andE; for a fair comparison of relative sizes
-10 dB. Scooping can also occur when these assumptions iartheir expected contributions ﬁw with respect to the other
not strictly satisfied, but these will be used in developing t deterministic components. Accordingly, an order analysis
following approximation analysis which illustrates thengsis terms inf{z_j, taken in sequence as they appear in (11), yields

of scooping.

Define the SOI plus noise signaln] = as[n] + n[n], so R.; =0(03)+0 (GU\I/%Z,) +0 (o)
02
x[n] = vjoqe™i™ +z[n], 9) + 0 (05) +0 (\/%) (13)
where the “order of” relationship is taken element-wise in
then f{m. Given the stated assumptions, o—z//\/f is much

greater than both? ando?/+/L, so we may neglect the final
two terms. Indeed, any combination of signal power levets an
L such that the first two terms dominate the last two will lead
to scooping. The third term correspondsdﬁ)l, which can
Using (9) and (10) in (5), the sample covariance for $Tan also be neglected since its constant diagonal form does not

R,;=Rg; +R. = ojv;v] +oZaa + 0727 I. (10)
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affect the eigenvectors used to compute projection mﬁg—ix

Thus we defineR, ; by neglecting all terms iR, ; which T amrvarer NN A A SN
have negligible influence oﬁ’j g
. 2 H 1 H H 5 2% j |
Rz_’j =0y |:Vj \Z + L—O'd (Vj n; +Ilej ):| . (14) % | .
= " ]
We now exploit this approximation to evaluate the structui g —25 " ,",i 7
of P;, as computed fronR, ;. It will be shown that at the V=
interference frequency; is approximately orthogonal to the § —30- ', v ]
combined interference, SOI, and noise signal. This prosluc § ' :
a scooping null. = l i
It should be noted that though; andn; are random, the 3 ~35 o — Noisedip=0dB |
scooping phenomenon occurs per realization. When comput © Y :. K -~ - Noise dip=-12dB
a PSD estimate, these quantities come from the same, sir _,q/ R R Noise dip = -36 dB |
STI window realization ofx[n]. We have used statistical
arguments to assess relative sizes (on average) of terms 23 - o1 0 1 > 3
R, ; so negligible components could be dropped to simplif, Frequency in rad/sample

analysis. Now applying these average scale relationships i . .
inai lizati th ffect of ¢ . H hich Fig. 2. Spectral scooping and interference leakage efféas all curves
single realization, the efrect of cross terms ("’?ng‘ ) whic z[n] = m[n], i.e. noise only with no SOI. For the solid curve noise is

dominate sample estimation error can be studied. temporally white. For the dashed and dash-dot curves nsiselored, with a
Consider eigenvectorﬁjﬂk, E = 1,2, of Rz,j, which dip in the spectrum of -12 and' -36 dB respectively near therfatence
frequency,wy = w/4. Total noise power was the same for all curves.

ClOSEIy approxmate the correspondmg dominant e|QEWECtSubspace projection beamforming was used to cancel irgede. Note

ua;; of R, ;. In the strong interferer case, the identifiedcooping is prominent in the white noise case, and is ovdmét by

interferer subspace is dominated by the two distinct temns ipterference leakage in the deepest dip case. Total in-pamcer INR was

14). Si d th v i v ind dent t +10 dB for all curves, the interferer was a60° relative to broadside for a
(14). Sincev; andn; are the only linearly independent vectorgg,q, elemend /2 spaced ULAL = N = 256, andO = 128.

in the expression, the first two eigenvectors of this rank two

matrix are seen by inspection to have the form
g = Vi + En (15) where the DFT is oved <n < L — 1. Letw;, = 2rk/N be
gk AL the kth FFT frequency bin, and pick, such that, = wy,
where¢;, is a scalar to be determined. It is shown in Appendihe interference frequency. Then evaluating the DFT in (17)
A using the approach of [23] that the exact solution for thet w,,, and using (12) yields
dominant eigenvector of (14) is given when

M-—1 L—1
. 1 . , ,
= 2/(Log) Sy(kd) = Tl Z WHP;H Z (Vjo,dewd[n-ﬁ-JL]
1+\/(1+2@)2—4('§—E+§) — ig 1Mo} 0 ",
+zn+jL ) g~ twan
wherea = o3||v; |2, B = 7=|In,||% andp = Gtvin;. [ ]
For strong interference, /oq — 0, implying that R¢p}/«, 1 Mol . o o 2
lpl/a, B/, and IM{p}/a — 0. So =T WHP;-LI (Le™*logv; + ewdjLIlj)‘
. 7=0
lm & =1/(Lou) | : RN
On/0d— . . N
_ iwgjL HpH . .
and the dominant eigenvector is M jgo Le™4%aq| WP (VJ + Loy nj)
;1 ~ W1 = v, +—n;. (16) Lo2 M1 . 1 2
J J J Loy J = % WHP;T{ (Vj + L—Ilj) (18)
Using (7), the projection matrix for interference cancglis ) od
P; ~ I —u;,uf/(uf u;,), which, given (16), will be ~0

orthogonal tov; + n;/(Log). .
Now consider the subspace-projection-based PSD estimatlich is approximately zero due to the orthogonalitylof
for this scenario, and for simplicity use non-overlappieig¢ andv; +n;/(Log). Therefore a null is placed aiy, in bin
0) DFT windows which match the STI window length (scka of S,. The desired, interference free PSD b, (ka),
N = L andm = j), and a rectangular window& = I and is replaced with a null. At frequencies; # w,, the noise
v = 1/L). With these parameters, substituting (6) into (4) angPectrum term from the DFT in (18) differs from;, so

using the single interferer and SOI plus noise signal of (@ythogonality withP; is lost andS. (k) is properly estimated.
yields We are aware of one condition where the stated assumptions

M—1 vjadeiwd["ﬂ'” } o2 can be met but scooping will not be apparent. In (14) we

_ have neglected; using order arguments to simplify analysis,
+z[n + jL] but in practice this term causes an errorly that reduces
(17) the interference rejection ratio (IRR). Since cancellatie

wi P DFT, {
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not perfect, interference leakage dueHg can “fill in” the projection product becomes
scoop null, and even appear as a peak. For scooping to be 1

evident, there must be something to scoop. In other wordsPj ( + I J)

the underlying SOI plus noise spectrufin(k,) must be higher

— Vjvj —

than the residual interference level. Figure 2 illustraieth <I _ g vi(nf +n v; ) n;)
scooping as predicted by (18), and conditions where the L ad|\vj||
assumptions are satisfied, but interference leakage oeémgh no n + n i,
the scoop null. As shown, this does not occur unless the level = v, —v;, — — + e \Z
for S.(w) is much lower neaw = wy than the average level Laoa Lad Loa
across the band. B (nj)H‘N’j{,_ _ (vj'mj)ng + ((nf)"n;)v;
To summarize, spectral scooping is caused by some finite Looq ' Lo Lol vyl
sample error terms iR, ; which appear as a cross correlation nt — Lopae (~Hnj + L(nq)H{,J_) v,
between interference and the signal plus noise sequenge ~ ) el / L2 (22)
The beamformer combines the individual array element data Loq

streams so that the residual interference component caneghere we have used; = nj + ng’-, L— L, = Ly, and the
the other signals present in the interference frequency bfimal term from the previous line was dropped in (22) due to
This result generalizes straightforwardly to other adeptidivision by largeL,L.

beamforming algorithms such as LCMV and maximum SNR. Substituting (22) into (18) and taking expectation yields

E{Sy(kd)}
1 M—1 Ly
B. Correcting Spectral Scooping N — E{‘WHnb_ — Pwlnpe
J J
LM = L,

Consider a subspace projection PSD estimator of the form

QT 1 — H pa\H ©2
Sy = > Wi (P DFT, {X;) (19)
Jj=0

Yy M-—1 2
~ LL E{‘ans i—ZWHn‘; }
where like (17) we have assuméd= M, O = 0, andG = =0
I, but have replace®; with f’f; which is computed using 1 = I N
only part of the samples in the STI window. Specifically, let ~ o &V E{nj(n})"}w+
N; ={n|jL <n < (j+ 1)L — 1} be the L-element set ) =0
of all sample indices in thgth STI. PartitionV; into non- Ly, HE {n%m)"} w
overlapping subset$/* and N7 with L, and L, elements L3 Y
respectively such thazt\/’ J\/a UNP, NENND = ¢ (the 1 N , u L2,
empty set), and. = L, + Ly. Sample order is arbrtrary We ~ m wiwlyol +w WL—aC’z/
may then define =0
A ) ~ ibaz/ = LLL“U% 0<L,<L. (23)
Ry, = 7 > x[x"[n] (20) . . o
@ neNs The second line follows because”v; is small. Note
that |w|| = |[vk|| = 1 and v, is the normalized array

which is a sample estimate for SFlcomputed from ari, response vector for the interferer. Thus in the typical aden
sample subset of the STI window. Following (15) and Apwhere the interferer is observed in the sidelobe pattern of
pendix A, it can be shown th&? ; has dominant eigenvectorthe quiescent beamformew’¥; is 20 dB or more below
0%, ~ v; +1/(Le0q) n?, wheren? is defined as in (12), but the mainlobe response. In line three we have assurlged
summmg only over samplese j\/a and nb are uncorrelated. This is not strictly true since they
represent Fourier transforms of disjoint sample sets[of =
as[n] + m[n]. Typically s[n] is colored, and though[n]
a e a a dominates irez[n|, we have not assumed it is temporally white.
Pj=1- uj71(uj71)H/((uj71)Huj,l). (21) However, in tLe] usual scenario the correlation {Dimezb)z/ﬂ is
much less than largd, so choosrng/\/a and J\/b as non-
interleaved sets (e.g. first and last halves of the STI window
respectively) yields highly uncorrelated and nz’ Line four
wnH exploits spatially i.i.d. noise across array elements, #red
s oH _ vi(n})" +niv] fact that E{|n?|*} = L, o2, and E{|n}|?} = L, 0?2 Line

Let projection matrixP§ be computed fronRj ; as

It is shown in Appendix B that this projection matrix is clbse
approximated by

2/

Laoal|vj]l five relies on|[w|| = 1 and some algebra.
For L, = L, = L/2 the estimator in (23) is apprOX|mater
wherev; = v;/||v;]|. Using P‘l in place of P, in (18), the unbiased by interference scooping, with{S,(ks)} = o2
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Scoop depth vs subwindow Iengtha, L

50 0 : 7 n 1 15 :
'L ] : I —— Experimental res It
:' l‘\ ! i i \ - - - Analytical model
g 9 o ﬂ i N 1 10r ]
£ [ 'l i T — -
8 o i ! “‘ 1’
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5 L ;o / ¥ g 5 ]
S w3 I ¢ [\ 1 2
> = | 1 Q
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£ -15- I i 1 B
g L 3 |
§ i !: —— Corrected subspace proj.
1
-20r ; i | = - Fixed beamformer R
ﬂ s - - - Subspace proj. ~10- |
y [
ol | ! LCMV |
‘ ‘ R R ‘ ‘
-3 -2 -1 0 1 2 3 -15 ! L L L
Frequency in rad/sample 0 100 200 L 300 400 500

a

Fig. 3. Spectral scooping and the correction algorithm.riN@band interfer-

ers are atv ~ —0.5 andw ~ 0.3, each with +10 dB INR relative to total in- Fig. 4. Scooping depth in the interference frequency bin &snation of
band noise power. The sawtooth shaped SOI i8 dtw < 1. Conventional STI window subset sizeL,. Plots are relative to the desired PSD estimate
beamforming did not cancel interference. Subspace piojecnd LCMV of the true noise floor PSD level. No SOl is present. NegatiBevdlues
beamformers both show significant spectral scooping, thaygically the indicate a scoop; positive values show incomplete interfez cancellation.

LCMV null is not quite as deep. Insets show detail of the oztee PSD. ~ The “analytical model” curve is for equation (23), and thexperimental
result” is obtained with 100 Monte Carlo trials of subspacejgrtion array

PSD estimates for each value bf,. STI window length was. = 512.

Note thatoj is the desired SOI plus noise PSDuat. This is
the basis for our proposed algorithm to eliminate scooping.
On the other hand, fol., = L, L, = 0, E{S,(ks)} =
0, which is the full scooping case predicted by (18).

. . Ahaped by band filtering, and declini
residual interference peak corrupts the PSD when< L/2. apec by bancpass frenng, and appears as a gecining

. ramp structure with scalloped top in the figures. Two moving

. Harrowband interferers were present, one inside the SQl,ban

experiments presgnted below. . . and one outside. The initial azimuths were0° and 70°,
The scooping bias corrected estimator has the disadvant & angular rates of x 10~° and —6 x 10~> degrees per

that only half O_f the data is used in fprmmg t_he adaptlVgample respectively. A total 6fx 10° samples were used, with
beamformer weightw; (though all data is used in the DFTnon-overIapping STls of lengtlh, — 256 and rectangularly

computatu_)n). Thus_wj has |_ncreas_e_d estlmz_sltlo_n error J'tterwindowed G — I) FFTs of length N = 256. Scooping
The following algorithm partially m|t.|gat_es this "”?'““‘" and is clearly evident in the subspace projection beamformer,
uses _aII the .data to compt;te projections matrlcefs./l@t distorting both the noise floor and SOI PSD estimates. The
Fontaln the f'rsitL/2’ aAnqu' thAe IastL/? sample indices algorithm of (24) was used to obtain the corrected curve,
in STI j. FormP§ andP} usingR{ ; andR?} ; computed as \hich completely eliminates scooping while fully cancelin

in (20) from A/} and \V} respectively. Then the interferer. Similar results (not shown) were obtainéth w
the LCMV beamformer by usinﬁg,j alone in computingv ;.

M—-1
aT 2 Hpa ©2
Sy = 2M 2_:0 (‘W P; DFTN{X’”G}‘ Figure 4 compares the scoop depth predicted by (23) with
mi ©2 numerical results from 100 Monte Carlo trials. In the simula
+ ‘WHP?DFTN{XmG}‘ > (24) tions the subspace projection PSD estimator of (19) was used
. with 15‘; computed from STI subwindows of varying length,
jo= |mN-0)/L] L. A single stationary interferer at -80vas observed with
where we have allowed STI and FFT windows to be of unequé® dB INR at the 7 elementy/2 spaced uniform line array.
length, and FFT windows to overlap. STI length L and FFT window lengthV were both 512, with
FFT windows overlapped 50%.

Ill. RESULTS . .
Good agreement between the curves is found unfil—

A. Smulation Experiments L, at which point (23) over-predicts scoop depth due to
Figure 3 presents a computer simulated scenario using@proximations made in the analysis. Interferer leakage, o

P = 7 element uniform line array with half wavelengthequivalently low IRR, due th&; error term is not taken into

spacing. The SOI is located at an azimuth ©f with a account in the approximate analysis. However, both curves

peak (across frequency) signal to noise ratio of 5 dB. Theoss 0 dB (i.e. no scooping bias) as predictedfpe L/2 =

SOl is a Gaussian narrowband random process with a P3mb.
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—o5 —— Corrected subspace prgj
-+ Fixed beamformer
- - - Subspace proj.
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L L L L L
-2 -15 -1 -0.5 0 0.5 1 1.5 2
Frequency in rad/sample

Fig. 6. Real data experiment for a 7 element array feed andi&m The SOI

is atw = 0.0, corresponding to 1571.3 MHz. The 1571.35 MHz interferer
appears atv = —0.5. Note the 10 dB deep subspace projection scooping
null, which is eliminated by the proposed algorithm.

T T T
-25- . —— Corrected subspace prg
: -+ Fixed beamformer
- - - Subspace proj.

I
w
2

I

|
w
o
I

45} . 8

Power/frequency (dB/rad/sample)
A
S

(b)

Fig. 5. The array feed test platform. a) Feed array mountethme meter
dish reflector. b) Close up of seven element feed.

-2 -15 -1 -0.5 0 0.5 1 15
B. Real Data Experiments Frequency in rad/sample

This section presents results from an experiment withry. 7. Scooping for the seven-element array feed using 508fiapping
seven element L-bandr( 1600 MHZ) array feed mounted at windO\_Ns, _and Hammin_g window shaping for the FI_:T calculaiidljote that
the focal plane of a three meter diameter parabolic dishs Tfigggp(')?g,:i'suﬁsz ’f):r)T;:Qesnér:;agattgesg?nnr;f;v;r:ijptpt',?g’pmmgﬂogﬁ?
test platform at Brigham Young University (BYU) is usedmproves the PSD estimate.
for rapid prototyping to study signal processing algorithm
for radio astronomy. Figure 5 shows the antenna system and
hexagonal array feed. The inter-element spacing of 0.6 wawksh than was the SOI. Data was processed using (24), with
length provides a “fully sampled” array [4], [24]. Developnt length L = N = 128 non-overlapping rectangular windows.
of the BYU array is reported in [6], [25]. Additional physical details for the experiment are found in
Figures 6 and 7 presents PSD estimation results for a r§z).
data experiment. Array signals were acquired by a sevenchanFigure 6 clearly demonstrates that spectral scooping daoes i
nel analog receiver, digitized at 1.25 Msamp/sec/charamel, fact occur in real adaptive cancellation scenarios. We rvkske
streamed to disk for post processing. The SOI and interéererscooping in virtually all of our real sample data with nar-
signals were from CW microwave function generators wittowband interference, and even in some relatively broadiban
antennas located on neighboring buildings. The SOI was sdévl interference cases. The proposed algorithm effectively
at boresight and the moving interferer was seen in the disbrrects the PSD bias. In cases (as in the figure) where a
sidelobe pattern at approximatedyp°® azimuth. Interference- small residual interference “leak through” occurs, itsgieiis
to-signal power ratio was 113 dB at the sources, but tlgpically less than the original scooping null depth. Feyar
interferer was approximately three times further from thghows how a tapered spectral shaping window (e.g. Hamming)
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does reduce scooping depth when compared to using thressed as
rectangular window which was assumed in the analysis of

]

Section Il Ay = Rgju;
Av;+¢&n;) = |:O'§Vj VJH + % (Vj nf + njvf)}
V. CONCLUSIONS X (vj + &ny)
We have demonstrated, both mathematically and experimen-)\vj + Xn; = (a +p* +(p+pP)Loy 5) v;
tally, the existence of previously unknown PSD estimati@s b
which we have dubbed “spectral scooping.” This null in the + <i + pg) n;
signal plus noise spectrum occurs while using adaptiveyarra Log
beamforming to spatially cancel an interferer who'’s barutiwi -
g to spatially Where o = o2||v,[|2, 8 = Z=|n,||2, andp = Z2viin;.

is spans just a few frequency bins of the PSD eStIma'“IU.I'atching coefficients ofv; andn; respectively and solving

Though beamformer weights operate on the array spatial kS ) yields the two equations
sponse and are not generally considered capable of affectin

the temporal-spectral content of a signal, the fact thagttsi A = a+p"+(p+B)Log€, and
are updated periodically with a data dependent calculation B Q@
opens an avenue for modification of the estimated spectitum. | T Log€ Tr

was shown that scooping is an artifact of estimation err¢inén ] ) ) ]
short-term integration (STI) sample covariance matrixisThTNus Loa§ = 52, which when substituted into the first
sample error includes cross product terms between ineerger €duation leads to

and noise plus signal which couple into the PSD estimator.
Scooping does not occur when adaptive beamformer weights

are computed from snapshot exact covariance matrices, e¥ek is solved with the quadratic formula to yield
for time-varying interference spatial signatures.

M —(a+p +pA—af+|p?=0.

A correction algorithm was introduced that exploits a spe- . o + 2Re{p} £ /(o + 2Re{p})2 — 4(|p|? — af3)
cific relationship between the scoop depth and the percentag ~ — 2 :
of samples in the covariance estimation window which a - , L, .
used to calculate beamformer weights;. We have found that '§ubstltut|ng this result intg = 7z755—; and taking the pos-

itive radical term produces the needed parameter to determi

scoop depth is reduced (though not eliminated) when ta@erl{ﬁe dominant eigenvector:

windows are used foG, whenZ # N, and whenO # 0 so

DFT widows overlap. We recommend using these parameter 2/(Log)
settings in conjunction with the proposed correction atpar. &= Re 2 ; m
Scooping is problematic only in a somewhat specialized 1+ \/(1 + 2%) —4 ('Z—L + g) - i4%

observing scenario, i.e. witf) quite narrowband interference,
ii) regularly updated spatial adaptive filteringi) specific o . .
relationships for the various signal powers and STI length B. Projection Matrix for Partial STI Window

in (8), andiv) when a spectral notch in the SOI is detrimen- \ye fingd a closed form close approximation for the projec-
tal to signal processing goals. However, these conditians gyn matrix computed from a sub-window &, samples from

arise in real-world scenarios, and we have encountered thef j. Compute the dominant eigenvecta, ,, for R .. Let
repeatedly in realistic radio astronomical observingagitins. Po— T _ q° (a¢ e >

¢ v NV e VH e i ituti
The effect is surprising, and we believe practitioners ofwr ¢ (16) éla{nl t:le']’}ez))(pé\(r](cliléé)asu'%l)’ which by substituting
signal processing should be aware if its potential coroumptd

their experiments and applications which use cancelingyarr . (vj + —~n?)(v; + —nH)H
Pa ~ _ J Log ™) J Log ™7
beamformers. i~ [v; + L n|?
A simple demonstration code is available at [21] for readers 7 Load
L : : (v; + =—n%)(v; + ~n2)H
to familiarize themselves with the scooping phenomenon and ~ T—~J " Toa 3/\"J T Tog
operation of the proposed correction algorithm. [Iv;lI?
H a,H
ViV n;v
~ -7 J2 _ J " J :
APPENDIX [VilI* Laoallv;ll
H H
v;(ng) nj (ng)

A. Exact Eigen Solution for a Rank Two STl Covariance

Looallvi|*  Liogllvsl®

vj(m$)7 + n4vl

The first two eigenvectors of (14) are seen by inspection of

to have the form f,? I— ffﬁ’f _

%

) Looal[v,|
Ujr =V;+ fkl’lj, k=1,2. (25) ) ] ) ]
y wherev; = v;/||v;|| and in the final approximation the last
The exact solution for the dominant eigenvectorRf ; is term was neglected since it is very small due to division by

found as follows [23]. Using (16), the eigen equation can he?.
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C. Notation

El

The following notation, operators and identities have been

used in the paper:

1) z : bold, lower case denotes a column vector.

2) A :bold, upper case denotes a mattx—= [a;, as, - - -

3) a, B,« : italic, non-bold, Roman or Greek denotes
scalar quantity.

4) 1 : identity matrix of appropriate size.
5) i:=+—1

6) AT : transpose ofA.

7) A* : complex conjugate oA.

8)
9)
10)

AF : complex conjugate (Hermitian) transposeAf
|A|®? : element-wise magnitude squared.
diag A} : extract diagonal ofA to form a column

[10]

) aNiil]

[12]

[13]
[14]

[15]

vector. 16
11) Diag{z} : diagonal matrix withz appearing along the
diagonal.
12) tr{A} : trace ofA. (7]
a1,1bl,1 al,Nbl,N
13) A®B = : : , element- (18]
anbm i ayv Nbav N
wise, or Hadamard product. (19]
14) S, : DFT based power spectral density vector for finitgy,
length random sequencs . This notation is an excep-
tion to rule (2).
15) DFTy{A} : N - point discrete Fourier transform alongm]
rows of M x N A.
16) E{A} : expected value of random. (22]
17) std{ X} : standard deviation ok 23]
18) |a] : floor operation, rounding toward zero.
19) A : estimate ofA. 241
20) O(:) : “on the order of.”
21) € : “is an element of.”
22) U, N : Set union and intersection respectively. [25]

REFERENCES

[1] J. E. Noordam, “LOFAR calibration challenges,” Rroceedings of the
SPIE, Vol. 5489, pp. 817-825 (2004)., Oct. 2004, pp. 817-825.

[2] A.J. Boonstra, S.J. Wijnholds, S. v.d. Tol, and B. Jeff§alibration,

sensitivity, and rfi mitigation requirements for lofar,” roc. of the

IEEE International Conf. on Acoust., Speech, and Signal Processing,

Mar. 2005, vol. V, pp. 869-872.

S. van der Tol, B.D. Jeffs, and A.-J. van der Veen, “Seliibration

for the LOFAR radio astronomical arraylEEE Transactions on Signal

Processing, vol. 55, no. 9, pp. 4497-4510, Sept. 2007.

J.R. Fisher and R.F. Bradley, “Full sampling array fedds radio

telescopes,’Proceedings of the SPIE, Radio Telescopes, vol. 4015, pp.

308-318, 2000.

Chad K. Hansen, Karl F. Warnick, Brian D. Jeffs, J. Rich&isher, and

Richard Bradley, “Interference mitigation using a focaame array,”

(3]

(4]

(5]

Radio Science, vol. 40, doi:10.1029/2004RS003138, no. 5, June 2005

[6] J.R. Nagel, K.F. Warnick, B.D. Jeffs, J.R. Fisher, and Btadley,

“Experimental verification of radio frequency interferenanitigation

with a focal plane array feed,Radio Science, vol. 42, 2007, RS6013,
doi:10.1029/2007RS003630.

Bruce Veidt and Peter Dewdney, “A phased-array feed destrator for
radio telescopes,” iffroc. URS General Assembly, 2005.

R. Maaskant, M. V. Ivashina, R. Mittra, and N. T. Huang, afBllel

FDTD modeling of a focal plane array with Vivaldi elements the

highly parallel LOFAR BlueGene/L supercomputer,” Rroc. |[EEE

(7]
(8]

2006, pp. 3861 — 3864.

[26]

] S.W. Ellingson and G.A. Hampson,

B.D. Jeffs and K.F. Warnick, “Bias corrected psd estimatwith an
interference canceling array,” iRroc. of the IEEE International Conf.
on Acoust., Speech, and Signal Processing, Honolulu, Apr. 2007, vol. I,
pp. 1145-1148.

S. van der Tol and A.-J. van der Veen, “Performance aiglgf spatial
filtering of rf interference in radio astronomy,IEEE Trans. Signal
Processing, vol. 53, no. 3, Mar. 2005.

A. Leshem and A.-J. van der Veen, “Radio-astronomio@ging in the
presence of strong radio interferenc&ZEE Trans. Inform. Theory, vol.
46, no. 5, pp. 1730-1747, Aug. 2000.

P.D Welch, “The use of the fast fourier transform for #gmtimation of
power spectra,”|EEE Trans. Audio Electroacoustics, vol. AU-15, pp.
70-73, June 1970.

H.L. Van Trees Detection, Estimation, and Modulation Theory, Part IV,
Optimum Array Processing, John Wiley and Sons, 2002.

B.D. Van Veen and K. M. Buckley, “Beamforming: A verdatapproach
to spatial filtering,” |IEEE ASSP Mag., pp. 4-24, Apr. 1988.

A. Leshem, A.-J. van der Veen, and A.-J. Boonstra, “Mbtnnel
interference mitigation techniques in radio astronompétrophysical
Journal Supplements, vol. 131, no. 1, pp. 355-374, 2000.

“A subspace-trackaygproach
to interference nulling for phased array-based radio teless,” |EEE
Trans. Antennas Propagat., vol. 50, no. 1, pp. 25-30, Jan. 2002.

H. Cox, “Resolving power and sensitivity to mismatch aftimum
array processors,J. of the Acoustical Soc. of Am., vol. ASSP-54, pp.
771-785, Sept. 1973.

S.P. Applebaum and D.J. Chapman, “Adaptive arrays witin beam
constraints,”| EEE Trans. Antennas Propagat., vol. AP-24, pp. 650-662,
Sept. 1976.

R.A. Monzingo and T.W. Miller|ntroduction to Adaptive Arrays, Wiley,
New-York, 1980.

K.M. Buckley, “Spatial/spectral filtering with linelr constrained
minimum variance beamformers|EEE Trans. Acoust., Speech, Sgnal
Process., vol. ASSP-35, pp. 249-266, Mar. 1987.

B.D. Jeffs, “Demonstration software for ‘spectral ian adaptive
beamforming with narrowband interferenceTgch. note, BYU D-Space,
Jan. 2008, http://hdl.handle.net/1877/611.

D.R. Brillinger, Time Series: Data Analysis and Theory, Holt, Rinehart
and Winston, New York, 1st edition, 1975.

B.D. Jeffs, L. Li, and K.F. Wanick, “Auxiliary antennassisted
interference mitigation for radio astronomy arraykfEE Trans. Sgnal
Processing, vol. 53, no. 2, pp. 439-451, Feb. 2005.

J.R. Fisher and R.F. Bradley, “Full sampling focal @aarray,”
in Proceedings of Imaging at Radio Through Millimeter Wavelength
Workshop, ASP Conference Series No. 217, J. Mangum and S.J.E.
Radford, Eds., Tucson, AZ, June 1999, pp. 11-18.

J.R. Nagel, “A prototype platform for array feed devmicent,”
M.S. thesis, Brigham Young University, 2006, available nfro
BYU electronic thesis collection, http://etd.byu.eddiection.html,
http://contentdm.lib.byu.edu/ETD/image/etd1575.pdf.

B.D. Jeffs and K.F. Warnick, “Bias corrected psd estiora for
an adaptive array with moving interference,”IEEE Trans. Sgnal
Processing, vol. 56, pp. doi:10.1109/TSP.2008.919637, 2008.

Brian D. Jeffs (M'90-SM’'02) received B.S. (magna
cum laude) and M.S. degrees in electrical engineer-
ing from Brigham Young University in 1978 and
1982 respectively. He received the Ph.D. degree from
the University of Southern California in 1989. He is
currently an associate professor in the Department
of Electrical and Computer Engineering at Brigham
Young University, where he lectures in the areas of
digital signal processing, digital image processing,
and probability theory. Current research interests
include array signal processing for radio astronomy,

RF interference mitigation, MIMO wireless communicatiprend digital
image restoration. Previous employment includes Hughesra#t Company
where he served as a sonar signal processing systems engjiribe anti-
submarine warfare group. Dr. Jeffs was a Vice General ChairlEEE
ICASSP-2001, held in Salt Lake City Utah. He was a memberegttecutive
Antennas and Propagation Symposium, Albuquerque, NM, June 20-25 organizing committee for the 1998 IEEE DSP Workshop, andeseseveral
years as chair of the Utah Chapter of the IEEE Communications Signal
Processing Societies.



10 SUBM. IEEE TRANSACTIONS ON SIGNAL PROCESSING, MAY 23, 2008

Karl F. Warnick (S'95-M'98-SM’'04) received
the B.S. degree (magna cum laude) with Univer-
sity Honors and the Ph.D. degree from Brigham
Young University in 1994 and 1997, respectively.
From 1998 to 2000, he was a Postdoctoral Re-
search Associate in the Center for Computational
Electromagnetics at the University of lllinois at
Urbana-Champaign. Since 2000, he has been a
faculty member in the Department of Electrical and
Computer Engineering at Brigham Young, where he
is currently an Associate Professor. He has authored
a book, Problem Solving in Electromagnetics, Microwave c@its, and
Antenna Design for Communications Engineering (Artech $¢&juResearch
interests include array antenna systems, computatioredtremagnetics,
remote sensing, and inverse scattering. Dr. Warnick wascipieat of the
NSF Graduate Research Fellowship, Outstanding Faculty béeraward for
Electrical and Computer Engineering in 2005, and the BYU ridp$cholar
Award (2007), and served as Technical Program Co-Chaih®R007 IEEE
International Symposium on Antennas and Propagation.




