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Uni-Vector-Sensor ESPRIT for Multisource
Azimuth, Elevation, and Polarization Estimation

Kainam T. Wong,Student Member, IEEEand Michael D. ZoltowskiSenior Member, IEEE

Abstract—This paper introduces a novel eigenstructure-based  This ESPRIT-based algorithm forms a matrix-pencil pair out
algorithm  uni-vector-sensor ESPRITthat vyields closed-form  of two temporally displaced sets of data collected from a single
direction-of-arrival (DOA) estimates and polarization estimates o101 sensor. The data covariance matrix’'s signal-subspace
using one electromagnetic vector sensor. A vector sensor is . . . )
composed of six spatially co-locatechorisotropic polarization ~€igenvectors can be decoupled to yield estimates of each in-
sensitive antennas, measuring all six electromagnetic field cident signal’s electromagnetic field components. (Uni-vector-
components of the incident wave field. Uni-vector-sensor sensor ESPRIT forms the matrix-pencil primarily to obtain the
ESPRIT is based on a matrix-pencil pair of temporally displaced decoupling matrix to decouple the signal-subspace eigenvec-
;j.ﬂt:‘ i‘fé: e%?}fr%edpggg ;esr'nglftirf]laet(ggon;?fnggtcai\éi(go;hsrggzg'tors o_f the data correlation matrix into estimates of the signals’
a vector cross-product operation on each decoupled signal- Steering vectors. In the case where the data set is not decom-
subspace eigenvector of the data correlation matrix. This method posable into two time-delayed subsets, the eigendecomposition
exploits the electromagnetic sources’ polarization diversity in would only yield the signal-subspace eigenvectors but not the
addition to their spatial diversity, requires no a priori knowledge  4tqrementioned decoupling matrix.) The vector cross product
of signal frequencies, suffers no frequency-DOA ambiguity, pairs . ) L g .
automatically the z-axis direction cosines with they-axis direction betwegn each Slg_nal_s eIectnc-ﬂeId_ vector estimate and c_orre—
cosines, eliminates array interelement calibration, can resolve Sponding magnetic-field vector estimate produces an estimate
up to five completely polarized uncorrelated monochromatic of the signal's normalized Poynting vector, whose compo-
sources f“}m “et,ar”ﬁeé‘?' Olr farJigc!ld. 't? i”I‘IpresTiV.e'ydOUt'?erforme nents embody the source’s respective three Cartesian direction
22@;;258353;;%“&&30;2; aenndli?)n%p%ct);irclnzneal %r;(;:-.nnas ° cosines. From this information, each source’s DOA's and

polarization can be estimated. Thus, sources impinging from
_Index Terms—Antenna arrays, array signal processing, direc-  the sagme DOA can be resolved due to their distinct polarization
tion of arrival estimation, diversity, eigenvalues/eigenfunctions, . . . .
frequency estimation, polarization. states; and both the: a2|muth and glevatlon angles can be esti-
mated and automatically paired with only one vector sensor.
The complicating effects of a near-field wavefront's cur-

. INTRODUCTION vature is also avoided because of the spatial co-location of
NI-VECTOR-SENSOR ESPRIT is an eigenstructurethe uni-vector-sensor array’s constituent sensors. This novel
based closed-form algorithm to estimate the azimuthethod also does not requir priori information of the

angles, the elevation angles, and the polarization statesstgfnals’ frequencies, (but no two sources may have the same
multiple monochromatic incoherent incident sources from tHeequency) because the array manifold is independent of signal
near field or the far field using a single electromagnetitequency due to the spatial co-location of its constituent com-
vector sensor. An electromagnetic vector sensor consistspafents. Moreover, if a prefabricated vector sensor (such as
six spatially co-located nonisotropic polarization-sensitive athe CART array) is deployed, interelement spatial calibration
tennas, measuring all six electromagnetic field componentsifeliminated.

the incident wave field. Electromagnetic vector sensors areThis proposed algorithm also differs from most other
commercially available, e.g., the CART array, manufacturetirection-finding methods in how it uses the eigenvalues and
by Flam and Russell, Inc. of Horsham, PA [2], [6]. The CARThe eigenvectors of the data covariance matrix. Conventional
array is composed of three orthogonally oriented short dipolagrays of spatially displaced and identically polarized antennas
and three orthogonally oriented magnetic loops, all co-locategbically encapsulate the DOA information in the phase offsets
in space. Thus, uni-vector-sensor ESPRIT exploits the incidefthongst spatially displaced scalar-sensors. However, in uni-
sources’ polarization diversity as well as their angular spati@ctor-sensor ESPRIT, the DOA information is embedded in
diversity. the intrinsic directionality of each constituent component.
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Arrays of diversely polarized antennas have been exploitedhere 0 < -+, < #/2 is the auxiliary polarization angle
in a number of direction-finding algorithms that extend thand —x < 7, < =« is the polarization phase difference.
direction-finding approach used for spatially displaced unfor linearly-polarized transverse electromagnetic wayes
formly polarized antenna arrays. Examples include Li ang for circularly-polarized waves;;, = 45° and 7, =
Compton [3], [4], [7], [8], [11], Hua [9], Swindlehurst and1+90° (4 for left circularly polarized and- for right circu-
Viberg [12], Li [14], Li and Stoica [16], Chang and Huajarly polarized), Z, is the transmission medium’s intrinsic
[17], and Li et al. [24]. These works, however, use onlympedance and is real value,is a unit vector along the

dipole pairs or dipole triads and thus can extract informatiqfypscript's coordinate. Expressed in Cartesian coordinates
only of two or three electric field components out of all SiX¢ar normalization 5], [10]

electromagnetic field components. The first direction-finding
algorithms explicitly exploiting all six electromagnetic com- e, = (sin 7 cos 6}, cos ¢pe’™ — cos Yy sin G )V
ponents appear to have been developed separately by Nehorai

; ) 0. si eI ) AL
and Paldi [5] and Li [10]. Nehorai and Paldi [5] (who coined - (sin i cos i sin gre!™ 4 cos p cos $i)Vy

the term “vector sensor”) pioneered the simple but novel idea — sin v, sin O¢’ 7V, ' ()
of using the vector cross product of the electric-field and hy = —(cos i cos 0y cos ¢y, + sin v, sin ¢pe’ ™ )V,
the magnetic-field vector estimates (provided the vector-sensor — (cos vy cos 8y sin ¢y, — sin v cos d)kejnk){}y

outputs) to estimate directly the radial direction of a source.
Their paper also proposed a scalar performance measure—the

mean square angular error (MSAE)—and derived a compaglere( < 6, < r the signal’s elevation angle measured from

expression and a bou.nd for the_ asymptotic MSAE for. ”}ﬁe verticalz axis and0 < ¢;, < 2« the azimuth angle. The
vector sensor. Nehoral and Paldi [5] also proposed using, @ . o may be re-expressed in matrix form as [8], [11]
single electromagnetic vector sensor to estimate the DOA'S, '

+ cos v, sin 0V, 3

but not by eigenstructure methods as herein proposeet Hio ez (Ory Ory Yir M)
[27] extended Li's result in [10] for partially polarized sources. ey(Ors Pk, Yis M)
Burgess and Van Veen [18]-[20] deployed a multiple vector-  aer | e.(6k, v, )
sensor array for signal detection along specific preset arrivef* = P (O, b1, Vi k)
directions and polarization states, but did not explore direction oy (ks Prr Vi k)
finding. Hochwald and Nehorai [21] employed vector sen- L R (B, )

sors in polarimetric modeling. Electromagnetic vector-sensor
identifiability and uniqueness issues have been investigated sin . €os Oy, Sin Grei™ + cos Y COS ¢
by Hatke [13], Hoet al. [22], Hochwald and Nehorai [23], e b SILQRETT T 908 Ok k

. . def —sin v sin fpe?"*
and Tanet al. [25]. The vector cross-product estimator is = | Z cos 7, cos By, cos ¢y — sin 7 sin Pred 4)
first adapted to ESPRIT by Wong and Zoltowski in their Yk 9’“ 08 Pk = UL k i
extended-aperture vector-sensor ESPRIJorithm [26], [31], — €08 Y €08 B sin gy, + Sem Vi €COS Pe
which utilizes extended inter-vector-sensor spatial invariances - COS Yk S Ok

M sin g cos By cos ¢rel™ — cos i sin ¢y

in a multi-element planar array of vector sensors. Wong cos By cos oy —sin ¢y

and Zoltowski [32] also presented another multiple vector- cos B sin @y cos P '
sensor direction-finding algorithm that adaptively steers null  _ —sin by 0 [Sin ’Vk(i“““}
beams in polarization using a self-initiating iterative search —sin ¢ —cos B cos ¢y cos v |
method that requires na priori source information. Wong cos Py —cos B sin oy

and Zoltowski [33] further developed a closed-form direction- 0 sin Oy B lveme)

finding algorithm applicable to multiple arbitrarily spaced
vector sensors at possibly unknown locations. However, this (5)
present algorithm represents the fegjenstructure (subspace)

method that estimates the directions of arrival of muItipIth"e the above vector-sensor model has not accounted for

sources using only aingle vector sensor. mutual coupling among the vector sensor's six component
antennas, this model has been reported by Flam and Russel,

II. MATHEMATICAL MODEL OF THE Inc., Horsham, PA, to be_ a very good approximation of their

UNIVECTOR-SENSOR ARRAY MANIFOLD CART array |mplementat|on.of the vector-sensor conéept.

. . . There are several essential observations about this vector-

The preseqt signal model involves multlple uncorrelatesdensor array-manifold. First, one single vector-sensor mea-
monochromatic transverse electromagnetic waves, having AV e ment yields a 6x 1 st,eering vector. Thus, a single
led through a homogen isotropic medium, impin . . N ' .
ee_dt ough a homogeneous sot_opc . edu_ » IMPINGE UPOR-16r sensor effectively embodies a six-element array in

a single vector sensor. Th¢h such incoming unit power com-

letely polarized electromagnetic wavefront has the eIectria[]d of itself. Second, these vector-sensor array-manifolds
pietely p gnetic i Contain no time-delay phase factors; that is, the vector-sensor
field vectore;, and the magnetic-field vectdr;. In spherical

coordinatese;, andhy, can be expressed as [5], [10] array manifolds, unlike those of spatially displaced arrays, are

O (01, dr)

1«... the patterns of the loops and dipoles (of the CART arraypatemely
close to the theoretical patterns, indicating very good isolation and balance
. among the elements,” private correspondence from Mr. Richard Flam of Flam
hy, = Z,(cos v Vg + sin ye? " ¥y) (1) and Russel to the first author, January 15, 1997.

e, = sin ’ykejm“ {”(ﬁ + cos ’ykvfg
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independent of the impinging signals’ frequency spectra. ThisWith a total of X < 5 impinging signals and additive
frequency-independence is due to the spatial co-location z&fro-mean white Gaussian noise (AWGN) at each constituent-
the six component-sensors that comprise the vector sensemsor of the vector sensor

Third, the electromagnetic vector-sensor array manifold is def [A]

polarization sensitive; that is, it is a function &fy, 7.} z(t,) = [AJS(%) +n(tn)

This means that signals having the same DOA'’s but different X

polarizations will have different array manifolds and are thus _ Z { 'aks(tna fx) } +n(t,). (10)
distinguishable based on their polarization diversity. Fourth, — a2 AT 58, fr) e

any broad-band or narrow-band electromagnetic soureg’s ] )

andh; are orthogonal to each other and to the electromagnefig€ entire 12x ' data set is

sourge7s normalized I?oyr_1ting ve_ctprk, whose components . 7 def 2(t) - a(tn)] = Z, (11)
are simply the three direction cosines along the three Cartesian - ! NI= g,

coordinates [5
5] where Z, represents the 6xN data set sampled at

[p2(6, ¢) {t1, ---, ty} andZ, represents thé x N data set sampled at
def |00 {ti+Ar, -+, tx+Ar} (note that these two sets of samplin
i % [y (6. 9) fit Az, o iy FAr pling
p-(6) times may overlap). Furthermore,
= e'(e(ké </>1;)7 ’)wm k) % 1.1*(99k7 ¢k7¢7k7 ) (6) AL Yy, ag] (12)
U Ok, Pk Sl Vg COS Qg def J2rfLAT i2mfrA
= (B, é) | & | sin 6y sin ¢ % Ay = Jagel?m AT aeel T AT] (13)
| w(f) cos 0y, et M s(tn, f1) et n1(tn)
Ipxll =1 (8) st) = |1 |int)E |0
Ls(tn, fr) n12(tn)
wherex denotes complex conjugation. Note that this normal- rei2mfilr
ized Poynting vector uniquely determines the source’s DOA. & &t ) (14)
After that, it would also be possible in the electromagnetic case 2K Ar

to estimate the signals’ polarization states; the details of this

will be presented in Section IlI-B. Thus, if the array-manifold§he present direction-finding problémis to determine

of all impinging sources can be estimated from the receive@y, ¢», & = 1, ---, K} from the 12 xN data set above

data, then the signal-of-interests’ DOA’s can be estimated lagth a priori knowledge only ofAr but not of {fi, & =

performing the above vector cross product. 1, ---, K}. For beamforming purposes, it may also be useful
to subsequently estimate the corresponding polarizations states

s ‘7k:17"',K.
lll. ESTIMATION OF AZIMUTH ANGLES, vk }

ELEVATION ANGLES, AND POLARIZATIONS B. Adopting ESPRIT to Uni-Vector-Sensor Array

. Let E; denote the 6< K signal-subspace eigenvector matrix
A. Uni-Vector-Sensor ESPRIT Data Model whoseK columns are the 6? 1 signal?subspgce eigenvectors
Uni-vector-sensor ESPRIT forms a temporal invariancgssociated with thé( largest eigenvalues czlz{f. Let Eo
utilizing two time-delayed sets of data collected from ongenote the corresponding signal-subspace eigenvector matrix
vector sensor; that is, thgh monochromatic signal impinging for Z,Z%. For analytical purposes, first consider the noiseless
upon the vector sensor would contribute toward twx /' case.E; and E, span the respectiv& -dimensional signal-

data sets subspaces d¥.,; andZ,, which are, in fact, equivalent. Thus,
a unigueK x K nonsingular matrixI’ exists such that
aks(tnv fk) tTMn:lv"'vN E AT
aps(tn + Az, fi) = ags(tn, fr)e? 7 HaT S
and
where the vector-sensor manifad is defined as in (4) in the E; =AT = A;PT. (15)

electromagnetic case and . .
9 Because bottE; andE; are full-rank, a unique nonsingular

def K x K matrix ¥ exists such that

S(tnv fk) = Pkej@ﬂ—fktn-i—(;k) k= 17 A K (9)
EWVv=E = AlT‘I’ = Al‘i)T (16)
where Py is the kth source’s energyy; is the kth signal's =0 = (EFE))"YEFEy)) = T'®T (17)
frequency py, is thekth signal’s uniformly distributed random - &= TOT ! (18)

phase At is the constant time delay between the two sets of
time samples. Note that the invariane&2~ /A1) doesnot 2Although the proposed algorithm will be presented in the batch pro-

. o essing mode, real-time adaptive implementations of this present algorithm
depend Fm either the DOA nor the_ p0|anzat'on state, but o y be readily realized for nonstationary environments using fast recursive
on the signal frequency and the time delAy-. eigendecomposition updating methods such as that in [15].
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The last equality holds because bofy and & are full- invariance for each source. This flexibility compares favorably

ranked. (It is assumed th@®;, ¢;, vi, 7} # {6, ¢;, v;, n;} Wwith phased-array ESPRIT, which requires the interelement

for all ¢ £ j andi, j € {1, ---, K}.) Consequentially®’s spacing to be half wavelength or less to avoid ambiguity in

eigenvalues equa[®]x = ¢/?™+47 k= 1,..., K} and the phases of ESPRIT’s eigenvalues.

W’s right eigenvectors constitute the columnskf Thus, the In fact, the values of{fs, k = 1,.--, K} need not

array manifolds may each be estimated as be known a priori for uni-vector-sensor ESPRIT, which

N ) ) ) a1 also incurs no frequency-DOA ambiguity as would a

A=l s &) = BT = E,Te phased array of antennas. Such phased arrays estimate the
=L{ET'+ET ' '} (19) DOA's through the phase factog272/Ax) cos 6x sin éx gng

(2mA/Ak) cos Ok cos ¢ Thus, A, (or equivalently, f;) must
. ) ) " e . » Ak q Y, )
The &~ factor in above expression ensuaierentaddition be precisely knowra priori or otherwise estimated through

of the two sets of signal-subspace eigenvectors and is pivoé lra computation to estimate the DOAisambiguously. In
to _achieving the bes_t po_ssible estimation perform_ance. WE ntrast, uni-vector-sensor ESPRIT estimates the DOA’s by
noise, the apove est|m_at|on bepomes only approximate. performing a vector cross product or normalization on the
From the array manifold estimates of (19) frequency-independent array manifolds and thus suffers no
) & frequency DOA ambiguity.
ap = L}J' (20) Moreover, this present delay-sampling construction of a
~ temporal invariance would not be useful with a general array of
Thus, a vector cross product between each signaigatially displaced but identically polarized antennas. Such an
electric-field ~estimate and  magnetic-field  estimatgr ay's array-manifolds can still be estimated, but there would
straightforwardly ~ estimates  the  direction  cosinegenerally exist no closedform DOA estimation solution for

~

{ur(Ox, dr), vr(Ok, dr), wr(Or)} such identically polarized antenna array-manifold estimates.
fu B . i The iterative searche_s over the array manifold yvould become
bk | =Pr = |Py | = l X k. (21) hecessary, resulting in much heavier cor_nputanonal costs.
.y B llexll ~ |jhy] Uni-vector-sensor ESPRIT needs all six components of the

electromagnetic vector-sensor array manifold to estimate the

The kth signal's DOA can then be estimated as Poynting vector. If, instead, only a three-component electro-

. magnetic vector sensor measuring the three electric fields or
6 = arcsin <1 [43 + v,%) = arccos (Wy) (22) the three magnetic fields is used, the vector cross product then
) cannot be performed.
d;k — arctan <ﬂ) (23) Lastly, _Hochwald_and Nehorai [23] dis_covered that, in gen-
Uk eral, two is the maximum number of arbitrary electromagnetic
The polarization parameters of the signals of interest can thEff"ces uniquely identifiable by one vector sensor.etial
be estimated as [22] and _Tanet al. [25] further_ d_eterr_nlned that five represent§
the maximum number of distinguishable sources if certain

N ~ ) . , ’ H
o Z arctan (24) restrictions are imposed on the sources’ DOA’s and polariza-
= —~ T o tions. These two findings do not contradict the earlier assertion

"; in this paper that this uni-vector-sensor ESPRIT algorithm
Ao S (+ o5)  can resolve up to any five arbitrary sources provided that
Tk nz::l Gra (tn) (25) their ¢/27/+27 terms are all distinct. There is no contradiction

because the present algorithm makes the additional restriction
of monochromatic signals and the further requirement of two
R Tk, time-delayed data sets. In other words, this algorithm has
&k = L}kj presumed a certain observable temporal structure in the data

:[6,{?{(9}, d;k)®k(ék, (/A)k)]_IGkH(ék, (/;k)ék- (26) set—an assumption not made in [22], [23] and [25].

where

Note that two- (angular-) dimensional azimuth-elevation
direction finding has been performed wotht any a priori
knowledge of the signal frequencies while using just one Simulation results presented in Figs. 1 and 2 verify the
solitary vector sensor and no planar arrays. The azimuth angfécacy of the proposed electromagnetic uni-vector-sensor
estimates and the elevation angle estimates and the polarizaB@PRIT algorithm to resolve five uncorrelated monochro-
estimates are all automatically matched without any additiomakatic electromagnetic sources. Simulation results in Figs. 3—6
processing. demonstrate the superior performance of uni-vector-sensor

Note also thatAr can be completely arbitrary (andot ESPRIT over ESPRIT applied to a customary array of spatially
constricted by the Nyquist sampling rate to be twice thdisplaced but uniformly polarized antennas of comparable
highest signal frequency) so long as a set of distinct phasemputational complexity. In all these simulations, the total-
offsets {¢?*fkA7 k =1, ..., K} are preserved. This would least-squares variance of ESPRIT (TLS-ESPRIT) [1] is used.
guarantee the diagonality &b and would ensure a distinctIn this simulation, each “identically polarized” antenna’s mea-

IV. SIMULATIONS
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Fig. 1. Electromagnetic uni-vector-sensor ESPRIT's RMS estimation standard deviations.( £k = 1, 2, 3, 4, 5) at various SNR’s: five monochromatic
uncorrelated source§ts, 62, 03, 64, 65} = (58.6°, 26.7, 51.#, 30.C°, 48.6), {¢p1, ¢2, P3, ¢4, ¢} = —57.4#, —69.1°, 13.3, 106.3, —170.8,

{71, 72, 13, 74, 15} = {0, 7/2, 3x /4, w/4, = /4}, {m, 52, n3, 14, 15} = {0, 0, 0, 7/2, 7 /2}, P1 = P2 = P3 = P4 = Ps = 1, digital frequencies

{f1, f5, f4. f4, fi} = {0.75, 0.55, 0.65, 0.85, 0.45} impinge upon a vector sensor, SNR is relative to unity signal power, 200 snapshots with uniform
sampling rate of 0.1 in each of 500 independent experiments.

¥

. o==1st, X=2nd,.

Estimation Bias for the Direction-Cosines

o 5 10 15 20
SNR, in dB

Fig. 2. Electromagnetic uni-vector-sensor ESPRIT's rms estimation bigg,af ¥, k = 1, 2, 3, 4, 5} at various SNR’s. Same settings same as in Fig. 1.

surement of an impinging signal is taken to equal the Frobeniéth the smallest difference among thg’s and among the
norm of that signal’s Poynting vector. vy'S being 0.30, the proposed algorithm successfully resolves
Fig. 1 plots the standard deviations and Fig. 2 plots the &l five electromagnetic sources with high probability at SNR'’s
ases of uni-vector-sensor ESPRIT’s direction-cosine estimatéd®wve 0 dB.
in a scenario involving five uncorrelated monochromatic elec- Figs. 3 and 4 compare uni-vector-sensor ESPRIT perfor-
tromagnetic sources impinging upon a single electromagneti@nce with that of ESPRIT for an array of spatially displaced
vector sensor. The electromagnetic sources’ parameters laue identically polarized antennas in a scenario with two
given in the caption of Fig. 1. Their polarization states aregual-powered uncorrelated monochromatic electromagnetic
respectively, horizontally linear, vertically linear, 4%near, sources (one left-circularly polarized and the other right-
left circular, and right circular. Their direction cosines areircularly polarized). An identically polarized-shaped half-
uy = 0.46, up = 0.16, ug = 0.76, vy = —0.14, u5 = —0.74, wavelength uniformly spaced array with six antennas on each
vy = —0.72, v = —0.42, v3 = 0.18, v4 = 0.48, V5 = —0.12. leg is used for comparison. This uniformly polarized and
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Fig. 3. Comparing electromagnetic uni-vector-sensor array td ahaped array of six uniformly polarized antennas on each leg: rms standard devi-
ation of {&y, 01, @2, D2} versus signal-to-noise ratio (SNR) for two closely spaced narrowband uncorrelated sourcegwith} = {42°, 44°},
{61, d2} = {89°, 87°}, P1 = P2 = 1, digital frequency’s{ f1, fo} = {0.95, 0.70}, 200 snapshots in each of 500 independent experiments.
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Fig. 4. Comparing electromagnetic uni-vector-sensor array to-ahaped array of six uniformly polarized antennas on each leg: rms bfais ofo1, @2, 02}
versus SNR for same setup as in Fig. 3.

spatially displaced array has a data correlation mali&’  deviation performance, the uniformly polarized and spatially
of identical size as that of the uni-vector-sensor array; tiiisplaced array would need 25 antennas eath leg; that
computational load is comparable in the two cases. Figig 49 antennas altogether. This implies an impressiye
shows that only at 22 dB SNR does the spatially displacéeld hardware and computation cost saving by the proposed
and uniformly polarized scalar-sensor array provide a stand&lgorithm.

deviation comparable to that by uni-vector-sensor ESPRIT at

0 dB. This represents an astounding 22-dB performance gain V. CONCLUSION

by uni-vector-sensor ESPRIT’s exploitation of the sources’ This paper introduces a novel ESPRIT-based azimuth-
polarization diversity. elevation two- (angular-) dimensional direction finding and
In Figs. 5 and 6, the number of elements is varied gyolarization-estimation algorithm. It also exploits the sources’
each leg of theL-shaped identically polarized and spatiallypolarization diversity in addition to the sources’ spatial
displaced array, while the SNR is constant at 0 dB for botfiversity. It adapts the vector cross-product relation between
arrays. In order to match uni-vector-sensor ESPRIT’s standana electromagnetic source’s electric field, magnetic field,
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Fig. 5. Comparing electromagnetic uni-vector-sensor array tb-ahaped array of uniformly polarized antennas: rms standard deviatioh oft: , @, 92}
versus number of elements on each leg. (SNRD dB; all other settings same as in Fig. 3.)
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Fig. 6. Comparing electromagnetic uni-vector-sensor array td-ahmaped array of uniformly polarized antennas: rms biag @f, o1, @2, 02} versus
number of elements on each leg. (All settings same as in Fig. 5.)

and Poynting vector to the electromagnetic eigenstructuecursive eigendecomposition updating methods such as that
(subspace) direction-finding context. This innovational ajn [15]. An underwater analog of the present algorithm is
proach requires na priori information of signal frequencies, presented in [29], using three orthogonally oriented acoustic
automatically pairs its estimates of the direction cosingmrticle velocity hydrophones plus an optional pressure
along thez-axis with those along thg-axis, simplifies array hydrophone, all co-located in space.

calibration, but uses only a solitary vector sensor sampled at
two time-delayed sets of sampling times, and can resolve up
to five uncorrelated monochromatic electromagnetic sources.
It easily out performs a customary array spatially displacedil] R. Roy and T. Kailath, “ESPRIT-estimation of signal parameters via
identically polarized antennas of comparable computational Ir:,ortoaéfsnsﬁ‘:]é’?\)’j_”%r;’cep;?Cgh;iﬂggss"F;ElﬁyngACO“SL' Speech, Signal
load. Although the proposed algorithm will be presented?2] D. J. Farina, “Superresolution compact array radiolocation technology
in the batch-processing mode; however, real-time adaptive (SuperCART) project,” Flam and Russell Tech. Rep. 185, Nov. 1990.
. . . . . J. Li and T. Compton, “Angle and polarization using ESPRIT with a
implementations of this present algorithm may be readil

. ; . ; polarization sensitive array/EEE Trans. Antennas Propagatol. 39,
realized for nonstationary environments using the fast pp. 1376-1383, Sept. 1991.
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