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Closed-Form Direction Finding and Polarization
Estimation with Arbitrarily Spaced Electromagnetic
Vector-Sensors at Unknown Locations

Kainam Thomas Wongviember, IEEEand Michael D. ZoltowskiFellow, IEEE

Abstract—This paper introduces a new closed-form ESPRIT- tions for any irregular and even possibly unknown array ge-
based algorithm for multisource direction finding and polariza-  ometry, whereas most other algorithms would require iterative
tion estimation with arbitrarily spaced electromagnetic vector-sen- searches (such as the MUSIC algorithm [1]) to handle arbi-

sors whose three-dimensional (3-D) locations neetbt be known. t d iori k try. H thi
The vector-sensor, already commercially available, consists of six Fary anda priori known array geometry. Hence, this pro-

colocated but diversely polarized antennas separately measuring Posed algorithm: 1) is computationally less intensive than many
all six electromagnetic-field components of an incident wavefield. open-form search methods; 2) requiresanpriori coarse esti-
ESPRIT exploits the nonspatial interrelations among the six un- mates of the arrival angle to start off any iterative search; and 3)
known electromagnetic-field components of each source and pro- makes possible sparse array aperture extension while producing

duces from the measured data a set of eigenvalues, from which the losed-f bi val | timati ith t
source’s electromagnetic-field vector may be estimated to within a closed-form unambiguous arrivalangie estimation with no extra

complex scalar. Application of a vector cross-product operationto  computation needed for disambiguation. Because this novel al-
this ambiguous electromagnetic-field vector estimate produces an gorithm is also highly parallel in its computational structure,
unambiguous estimate of that source’s normalized Poynting vector, concurrent computer processing facilitates real-time implemen-

which contains as its components the source’s Cartesian direction y44i5ns. All these innovations are realized by the creative use of
cosines. Monte Carlo simulation results verify the efficacy and ver- . .

satility of this innovative scheme. This novel method maybe consid- elect_romagnetlc vector-sensors as explained _belOW'

ered as a simplification and a refinement over Li’s earlier work in This novel scheme employs electromagnetic vector-sensors,

1993 [8]. each of which consists of six spatially colocated but diversely

Index Terms—Array signal processing, direction of arrival esti- polarized antennas, separately measuring all three electrical-
mation, intelligent sensors, navigation, polarization, radar signal field components and all three magnetic-field components of the
processing, radio direction finding, signal processing antennas.  incident wave field. Electromagnetic vector-sensors can exploit

any polarization diversity among the impinging radar sources
|. INTRODUCTION [17].. Electromagnetic vector-sensors are already commercially
available, for example, from Flam and Russell, Inc., Horsham,

ance techniques (ESPRIT [3]) represents a highly popullg'?‘ [4], [6], and from EMC Baden, Inc., Baden, Switzerland.

, L9 iversely polarized antenna arrays have been exploited
eigenstructure (subspace) based parameter estimation method. S N .
; IN° a8 number of direction finding algorithms that extend the
Eigenstructure (subspace) based methods are so labeled because.. . . . ;
. irection finding approach used for spatially displaced uni-
they decompose the column space of the data correlation mafrix .
. . : -1ormly polarized antenna arrays. These works, however, often
into a signal subspace and a noise subspace. ESPRIT requires a . . . .
7 ) ! . ._use only dipole pairs or dipole triads and thus can extract
certain invariance structure in the sampled data set; and thls'ﬁf

STIMATION of signal parameters via rotational invari-

variance structure has generally been realized in most ESP ormation only of two or three electric field components out

DN . Y . of all six electromagnetic field components. The first direction
based direction finding (DF) algorithms asjgatialinvariance _ . ; S I, . .
finding algorithms explicitly exploiting all six electromagnetic

dependent on some known translational displacemahtoge- components appear to have been developed separatelv b
tween two identical subarrays of sensors. In contrast, this pﬁ P bp b P y by

posed algorithm advances a nonspatial realization of ESPRI ghorai and Paldi [5], [14] and Li [8]. Nehorai and Paldi

; . . . [14], who coined the term “vector-sensor,” pioneered the
invariance structure such that the invariance factors depend o ) .

L . o : simple but novel idea of using the vector cross-product of the

on the impinging signals’ direction cosines but not on array ge: * =~ " . g

. : €lectric field vector estimate and the magnetic field vector

ometry. This proposed algorithm also offers closed-form solu- . : .

estimate (provided the electromagnetic vector-sensor outputs)

to estimate directly the two-dimensional radial direction of a
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measure, the mean square angular error (MSAE), and derives [I. MATHEMATICAL DATA MODEL

an expression and a bound for the MSAE for the VeCtor'sensor_Uncorrelated transverse electromagnetic plane waves, having
That same paper also proposes using one electromagn

) he DOAS. b by ei flleled through a homogeneous isotropic medium, impinge
vector-sensor to estimate the S, but not by eigenstructyig,, 5 three-dimensional (3-D) array of arbitrarily spaced but

me:hods asf_ hfrecljn F;r%p?ﬁsggR-:—_r_f v\(/evctor crodssz-pﬁ)ducli_ & é‘ntically oriented electromagnetic vector-sensors at possibly
mator was Tirst adapte y Wong and ZOMOWSK 1, nown spatial locations. This identical orientation assump-

[20], [22], [31], [32], extending array aperture for regularly;,, i be relaxed in Section IV. Théth such unit-power

spaced yector—sePsors W'thO.Ut ambiguity in the q'reCt'on'C&)mpletely polarized incident source has the electric-field
sine estimates. Li's method in [8] (to be further discussed ctor e, and the magnetic-field vectds:, which may be

the foIIovgingH pa;ra?rangh) |'35 extended dfs/r pat;tially fglaqzzegxpressed in Cartesian coordinates as [5], [14] (after accounting
sources by Heet al. [29]. Burgess and Van Veen [10]-{ ]for the the transmission medium’s intrinsic impedance)

deployed a multiple vector-sensor array for signal detection
along specific preset arrival directions and polarization states

a 9 3 B 3 v
but did not explore direction finding. Hochwald and Nehorai (B i 3 )

[13] employed vector-sensors in polarimetric modeling. Hatke Car o Bk, P, e )
investi Cyp a2(Oks Prs Vies M)
[9], Ho et al.[16], and Taret al.[19] investigated vector-sensor
. ST . def | €x | def | €z | def | az(Ok, Prs Yhr 1)
uniqueness and identifiability issues. Wong and Zoltowski [21] = |:hk:| = oy | = | aa(Bs brs s ) (1)
also presented another ESPRIT-based method that estimates b F o (9;; (/)k’ ,yk’ )
the directions-of-arrival of multiple sources using only a h‘i“’ a°(9 ) é o )
single vector-sensor. Wong and Zoltowski [24] also developed * O\Tky Pk Tk Tk
another multiple vector-sensor direction finding algorithm
that adaptively steers null beams in polarization space using a cos ¢y, cos by, —sin ¢y,
self-initiating iterative search method that requiresanpriori sin ¢y, cos 6y, cos ¢y,
source information. Adaptive source tracking is investigated by —sin G 0 sin g e/
Nehorai and Tichavsky in [30]. o —sin ¢, — cos ¢y, cos Oy, cos Y
The present paper may be considered as a simplification cOS Py — sin ¢y cos Oy, —
and a refinement of Li's ESPRIT-based algorithm [8] for 0 sin 6y, =g
magnetic loops and electric dipoles. Like [8] but unlike [20], T
[22], [23], [31], [32], the present algorithm considers the =00k, ¢x)

)

electromagnetic vector-sensors (with th&lr components) as

. : ; . : here
six colocated subarrays each of which comprises identically . , .

) . T T 0 < 6, < w denotes the signal’s elevation angle measured

polarized antennas but among which the polarization is diverse. : "

) . . . : from the verticalz-axis;
Like [8], the present algorithm applies ESPRIT multiple times 0< ¢ < symbolizes the azimuth angle;
to distinct pairs of these six subarrays to extract the invariant,, = "% y ge

factors characterizing the six electromagnetic field components 7r< < represents the auxiliary polarization angle:
of the impinging sources. The pivotal insight of this paper ~ Yk P yp ge

is that five invariant factoesrelating the six electromagnetic /2 A N .

. ; ; R —7 < 1 < signifies the polarization phase difference.
field components suffice for unique determination of the .

source’s normalized Poynting vector and, thus, source’s arrh@*1

. > : ile the above electromagnetic vector-sensor model has not

angles. That is, these five invariant factors would produce an ; .
) ) S electromaac_counted for mutual co'upllng among the vector-sensor’s six
c,%mponent—antennas, this model has been reported by Flam &

netic field vector, correct to within a complex scalar. Thi]s_;aussell Inc. to be a very good approximation of their CART

electromagnetic-field vector estimate, though ambiguous, can_ = : .
. ; , -array implementation of the electromagnetic vector-sensor con-
produce an unambiguous estimate of the source’s normalize ,
) . : . cept? Note also tha® (8, ¢x) depends only on the sources
Poynting vector via a vector cross product. This algorithm thus’ . .
. . . Spatial angular locations ang, depends only on the incident
substitutes the elegant and simple operation of a vector crgss

product for the complex manipulation in [8] involving a set o _|gnals polarization states. This fact is pivotal to the polariza-

; : ; . ign estimation procedure to be proposed.
highly nonlinear equations. That both the present algorithm an%ek andh; are orthogonal to each other and to iftle source’s

[8] do not require any priori knowledge of the location of any direction of propagation. i.e.. the normalized Povnting-veator
of the vector-sensors is because the aforementioned invarian? propag e ynting-vept

factors depenq only on the SOL,JI’CG parametgrs but not on the Par (O, 1) " sin By cos by,
electromagnetic vector-sensors’ spatial locations. pkdgf Py, (Ors d1) | =ex x hzdéf op | = | sin 6 sin ¢z
Dy (Os Pr) Wi cos Oy,
3)

3¢, .the patterns of the loops and dipoles [of the CART array] are EX-
2After the camera-ready copy of this manuscript was submitted, the first SUREMELY close to the theoretical patterns, indicating very good isolation and
thor recognized that only four invariant factors, not five, need to be evaluatdrhlance among the elements.private correspondence, R. Flam, Flam &
Please refer to the footnotes in Sections IlI-A and I11-D for explanation. Russell, to first author, Jan. 15, 1997
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where izes the propagation speed, apg symbolizes the:th signal’s
* denotes complex conjugation; uniformly-distributed random carrier phase.
™ sin 6y, cos ¢ represents the  direction-cosine With a total of N' (with N > K) snapshots taken at the
along thez-axis; distinct instancegt,, n = 1, ---, N}, the present direction
v sin @y, sin ¢, symbolizes the direction-cosinefinding problemis to determingfy., ¢y, k=1, ---, K} from
along they-axis; the6L x N data setZdﬁf[z(tl) -+« z(ty)] without knowl-
W™ cos 6y, signifies the direction-cosine along€dge ofg(fs, ¢x).°
the z-axis.
Note that the three components of the normalized Poynting !ll- DIRECTION-FINDING WITH ARBITRARILY SPACED
vector simply correspond to the three direction cosines of VECTOR SENSORS ATUNKNOWN LOCATIONS

the impinging source. This fact is basic to the efficacy of thg. Overview of Algorithm
present algorithm.

The inter-vector-sensor spatial phase factor relating:the
narrow-band point source to théth electromagnetic vector-
sensor at the (possibly unknown) locatien, v, ;) is

The pivotal insight underlying the present algorithm is that
the6L x 1 array manifold may be divided into spt. x 1) sub-
array manifolds, which are related by invariant factors depen-
dent only on the interrelation among the six electromagnetic-
(61, d)k)déf 2@ty taen) /A) field components 9f each_ sourcejs direction-cosin_es, but not on

the vector-sensor’s spatial locations. To be precise fhex
= lrloen /N Giznlyen /) oizn(ziwn/A) o (4) 1 array manifolda‘™ (6, ¢r, ks M) = @Bk, Pry Ve ) @
M M - q(6x, ¢r) may be alternately expressed as

lef lef lef
=q7 (ur) =g (u) =g (wi)

()
The6L x 1 array manifold for the entiré-element electromag- (B Pas Yier 71k)

netlc Vector_sensor array |S el‘kq(elﬁ d)k) a1(9k7 d)k? ’7’&7 nk)q(elw d)k)
ey, 4Ok, Pr) az(Or, P, Vo M) Ok, D)
a'" By, b, Yies M) _ | @O, on) | _ | a3(Ok, D, vas ) @Ok, dr)
@ Ok, dn) P @(Ok; dr) as(Or, Pr, i, m)a(Or, )
der _ by, q(Or, or) as(Ox, Prs Yo )0k, 1)
= a0k, Prs Vro ) © : (6) N, q(Ors Pr) ac(Ox, Prs o M )Q(Ok, D)
qr.(0, ¢n) (10)
def with

=q(Or, ¢ )=q(ur, Vi)

, def
where @ symbolizes the Kronecker-product operator. With a 478" (B, ¢1)= a;(6x, ér. v, m)a(Br, é1) 11)
total of K < L cochannel signals, the entire array would yield

WhereJ; is anL x 6L subarray selection matrix
a6l x 1 vector measurementt) at timest y

def Or rx(—1) L1 0L nx@6—p j=1,---,6
Z @™ Bk, Bres hs M) (t) +n(t) = As(t) +n(t) (12)
(6) andO,, , denotes amn x n zero matrix and/,,, denotes an
where m x m identity matrix. SixL x K subarray manifold$A;, j =
det ' 1, - -+, 6} may thus be formed out of td. x K array manifold
si(t)= e Prow(t )GJ(QW(C/)‘)t'i"Pk) 7 A
Ad:ef [a(rl)(elvd)lvvlvnl)v B} Ad_PfJA J:1’ ’6 (13)
a0, br, Vi, 771()} (8) These{Ay, ---, Ag} subarray manifolds are interrelated as fol-
lows:
s1(?) na(?) (g +1)
SO | 0[5 | © "
: ) . Aj+1 = Aj . (14)
sk (t) ner(t) R X%H—l)
and n(t) symbolizes the6L x 1 additive complex-valued ‘C‘X:m)

zero-mean white noise vectoE, denotes thekth signal's
power, o (t) represents a zero-mean unit-variance complemherex(“ a1 (O, Dr, Yieo M) /i (O, dr, Vi, Te))-
random process) refers to the signals’ wavelengthsymbol- In other words, the matrix pencild;, A;.} has generalized

+1)d§f(

4These incident signals are narrow-band in that their bandwidths are veryAlthough the proposed algorithm will be presented in the batch processing
small compared to the inverse of the wavefronts’ transit time across the arnapde; however, real-time adaptive implementations of this present algorithm
The case involving broad-band signals may be reduced to a set of narrow-baray be readily realized for nonstationary environments using the fast recursive
problems via a comb of narrow-band filters. eigendecomposition updating methods such as that in [15].
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eigenvalues equal tdx\"’™) k = 1, ..., K}. Note that There exists & x K nonsingular matrix¥{-/+1) relating the
none of{x“ 7tV k=1,.-- K, j=1,---, 5} depends on two L x K full-ranked matrice#, ; andE; ;1 [1]
the vector-sensors’ locatioféz;, v, 1), { =1, ---, L}. The

foregoing analysis thus suggests that without any constraint ofs,; ¥ 7™ = E, j 11 = @07+

nor any knowledge of the location of any of the vector-sensors, — ((ESJ.)IMESJ.)_1 ((Es,j)HEs,j+1) (19)
application of ESPRIT to the matrix-pencil in (14) would

estimate the invariant factor&i?’””, j = 1,---,5}¢

among the kth source’'s six electromagnetic-field com- Gt Gt Y G g )G D)
ponentS {aj(ekv d)kv Vs 77k)7 1 = 1, 6} Note = ¥ ~ (T o ) X (i (20)
that ESPRIT may be applied to the five matrix pencils
{(A;, Aj41), j = 1,---, 5} in parallel to facilitate real-time WNere
implementation. G i+ — pl. i+l 1)

B. Subspace Decomposition and PY9*Y) represents some unknown permutation matrix

In eigenstructure (subspace) direction finding methods sudfiose kth column equals & x 1 vector with all zeroes
as ESPRIT, the overall data correlation magig’? [which em- €xcept a one at théth position and{i,, ---, ix } is some
bodies a maximum likelihood (ML) estimate of the true sampfRermutation of{1, ---, K}. Equation (20) is obtained from
correlation matrix if the additive noise is Gaussian] is decor§quation (19) by substituting equations (14), (17) and (18)

posed into & -dimensional signal subspace an@a — K )-di-

into equation (19). This unknown permutation of the rows of

mensional noise subspace. Therefore, the first step in the pfoli-€., the P?[m}:}?ti%n of the eigenvectors ¥f7+1] as
posed algorithm is to compute tteé (6 x 1) signal-subspace columns of(7"/7*")~* arises in the eigendecomposition of

eigenvectors by eigen-decomposing €élie x 6L data correla-
tion matrix R.. = ZZ". Let E, be the6L x K matrix com-
posed of theK eigenvectors corresponding to tié largest
eigenvalues aR..; and letletE,, denote thé L x (6L — K ) ma-
trix composed of the remainirgy. — K eigenvectors ofZ Z " :

N

R..=772" = =% a(t)2"(t) = E.D.E! + E,D,E!
=1
(15)
where
Es ~ AT = [a(elv ¢17 1, 771) ®q(917 d)l)v )
a0, ok, Vi, 1x) © 90k, ¢x)|T (16)

and T represents an unknown but nonsingulérx K cou-

pling matrix D, denotes & x K diagonal matrix whose diag-

onal entries are th& largest eigenvalues, add,, symbolizes a

(6L — K) x (6L — K) diagonal matrix whose diagonal entrie
contains th&s L — K smallest eigenvalue® is nonsingular be-
cause bottE, and A are full rank. If there existed no noise or
if an infinite number of snapshots were available; the approxid: = +» 3} Thus, X,

mation would become exact.

C. Estimation of x/7 ™", k=1, -+, K}

Analogous to (14)/; andJ ;4 are next used to construct th

signal-subspace matrix pen¢iE; ;, E; j11}
E, ;= J;E, =~ AT 17

Es,j-l—l = Jj+1Es =~ Aj+1T. (18)

SAfter the camera-ready copy of this manuscript has been submitted, the fi
author recognized that thed;, A, } matrix pencil need not be processed, a:

will be explained in a footnote in Section IlI-D.

S

¥, 3+1)_—(20) still holds replacingl’ and X7+ respec-
tively, by PU-/+07 and P* X U7+ (P*)~1. From these, the
invariant factorxfj’”l) between the ;1 (0x, ¢x, Y&, ) and

a; (0, é1, v, M) May be estimated for each of thésources

NCREEING [X<j,j+1>}

k() ~ /{}21,~~~,K (22)

Kk’
where{[X"7+D],.. k =1, ..., K} constitute the diagonal
elements of the diagonal matdk7+Y) and are approximated
by the eigenvalues cb - 7+1) [The reason for the superscript
(4) in k& will become clear shortly.] Furthermore, the eigenvector
corresponding to the eigenval[.l’é(j’ j+1)]kk constitutes théth
column of (71 3+1))=1, N

Note that different indexes are used to enumegdfe’ ™"
for different values off and that in generdr:7+1) o i i+1)
for j # i, even though® 7+ and ¥ 7+1) share the same
set of eigenvectors. That is, the eigenvectors are ordered differ-
ently in (77 t1)~1 as in(T%)~1. No mismatch, how-
ever, exists betwee%li? I+ andits corresponding eigenvector,
namely thekth column of(TV:7+Y) =1 This is true for allj €
29+ may be paired withg\: ™ from
the same source by matching the orthogonal rows & *1
with those of "'tV as follows. Let(k"), k) denote the
row index of the matrix element with the largest absolute value
in the/(Vth column of thels x K matrix7(» i+ (0 +1)) =1,

eThen;Zk(j> andy .y belong to the same source. Note that this

pairing procedure involves minimum computation and requires
no exhaustive searches. An alternate pairing method requiring
more computation but offering possibly more robust pairing is

available in [7].

D. DOA Estimation via Vector-Sensor Product

The algorithm thus far is entirely parallel to that in [8]. With
up to (,5,)/3! = 15 distinct pairings among the six electro-

dnagnetic field components, there are available up to 15 non-

linear equations relating the four unknown signal parameters
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{0k, &x, v, mit- Li [8] then derived closed-form expressions

for these four parameters based on clever but complicated ma- (1 2)

=(lIl1*)

nipulation of these 15 nonlinear equations. Instead, the present (1 2)X(2 :3)

algorithm will suggest a simpler and more elegant approach @ 2;“ (2 3 (3 " .
based on the recognition that: 1) preceding algorithmic steps X

have already estimated the six-component electromagnetic field X X(l :2) <2 3) f’ Dy (83)

vector to within a complex constant and 2) this result will be X(l .2) (2 3) (3 4) (4 O)Xf)’ 6)

sufficient to determine uniquely the corresponding normalized

Poynting vector.

Because X(“J’l) embodies the ratio

(26)

betweenowever, becaus®, = 1, (27), shown at the bottom of the

aj+1(0k, Px, vk M) @Nd a;(Ox, ¢x, i, i) Under noiseless page, holds. Hence, tiigh impinging source’s Cartesian direc-

conditions

a(Ox, Px, Vi, 77k)

tion-cosine estimates are as shown in (28), at the bottom of the
page? Thus, the complex scalar ambiguity ofc/®* in (23)

causes no ambiguity in the direction cosine estimates. Note that
it is unnecessary to know or to compute the inter-vector-sensor

(1 ? spatial phase delays to resolve the incident signals, so long as
, (1 Y the array spacing has an unambiguous geometry (with respect
= rpe’** (1 2) (2 Dy (23)  to the azimuth angle and the elevation angle), which is gener-
(1 2) (2 3) (3 4) (4 5) ally the case for a randomly placed array of sensors. However,
(1 2) (2 3) (3 " (4 5) (O 6) if the array grid geometry is ambiguous, then the number of re-
L Xk . solvable sources may drop beldwand equals the number of

wherer;, represents a real scalar< a;, < 2w, andrye/®: =
ez, - Thus, under noisy conditions

resolvable sources by one vector-sensor—an issue investigated
by [16].

TAfter the camera-ready copy of this manuscript has been submitted, the first
author realized that

g
P = X W= {jk (24) NORNCUNCE —
Wy /\,21,2)/\/22,3))(}(\'3,4)/\,24,:)) )
Ly e S S
= | rped™ | x5 .
(17 2) (27 3) may be substituted by
(1 2) (2 3) (3 4) * 1
o s N
x| rpeio il .2) (2 3) 23 4) (4 5) (4 5 e
(1 2) (2 3) (3 4) (4 3) (o 6) Xpo "X
(25) This means thafx>*, k=1, ..., K} need not be evaluated.
1
2
"k = (1 2) (2 3) (3 1) (27)
(1 2) (1 2) (2 3) (3 4) (4 5)
(1 2) (2 3) (1 2) (2 3) (3 4) (4 5) (o 6)
7 (1 2) (2 3) (3 4) *
(1 2) % (1 2) (2 3) (3 4) (4 5)
e (1 2) (2 3) (1 2) (2 3) (3 4) (4 5) (o 6)
o | = (1 2) (2 3) (3 4) (28)
Wy, X Xp o Xp
(1 2) (1 2) (2 3) (3 4) (4 5)
(1 2) (2 3) (1 2) (2 3) (3 4) (4 5) (o 6)
Xk Xk
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E. Azimuth Angle, Elevation Angle, and Polarization (O, Pr)

Parameter Estimates x | v(bx, ¢1) | - (31)
From the direction-cosine estimates derived above ithe w(fy)

signal’s azimuth and elevation arrival angles may be estimated

Calibration of Vector-Sensor MisorientationCalibration

as algorithms of various degrees of sophistication and capability
b, = sin~! /fbi + 82 = cos™? iy, (29) May be devised to_determine the state qf mi_sqrientgtion_ of
each vector-sensor in the array. A rather simplistic calibration
(/Sk = tan™t |Op /i) (30) algorithm will be introduced below using three reference
signals. This rather unsophisticated method is used only as
Note that once théxg’”l), j=1--,5k=1,---,K} an illustration. More sophisticated alternatives, perhaps with

are paired, the azimuth and elevation estimates are also autorék-calibration capabilities, are currently under development.
ically matched with no additional processing. The polarization Suppose three reference signals from known directions-of-ar-

parameters of théth signal may then be estimated as rival, {(61, ¢1), (62, ¢2), (63, ¢3)}, incident upon the array
in use. Further, suppose that the spectra of all three reference
Ak = tan™ " |Gry [0k, | signals are nonoverlapping among themselves nor with the

spectra of any other signals. Then each of the three reference

M = LGk, — LG, _ S _
signals may be easily isolated from the sampled data by passing

where R o i o the sampled data through a bandpass filter with the appropriate
9 = [‘?’”} = [65(91“ $1) Oy (b, (/)k):| O (0x, d1)a.  passhand.
Gk The misoriented normalized Poynting vector

(6, ¢r) is related to the nominal direction-cosines

IV. CALIBRATION AND REMEDY FOR VECTORSENSOR {u(Oh, dx), v(Or, dx), w(0x)} @s
MISORIENTATION u(é,ﬁ ({)k) u(B, 1)
This algorithm requires no geometric regularity in andano 3O (0., ¢1) S | v(br, d) | = By | v, 1) | . (32)
priori knowledge of the inter-vector-sensor spacings; however, w(f) w(Br)

the foregoing development (and that by Li [8]) presumes all
vector-sensors to be identically aligned. This section will athe 3 x 3 coordinate rotational matrixR, may be
alyze the effects of nonidentical orientation or random orientgetermined with the three reference signals because
tion. A basic calibration method and a simple remedy will alspu(ek, b1), v(0k, ¢r), w(fr)} are known a priori and
be presented to illustrate the possibility of modifying the forep( (6., ¢1), k = 1, 2, 3} may be measured as discussed
going algorithm to accommodate electromagnetic vector-sena@ove. Thus
misorientation. Note that effects of and remedies for such mis- . .
orientation were not discussed in [8]. R=A[(A")™ (33)
Effects of Vector-Sensor MisorientatiolSuppose that the
. . . : ) here
lth vector-sensor deviates from its nominal orientation suéh
that the antennas nominally aligned along thaxis is actually u(f1, ¢1) u(fa, p2) (b3, ¢3)
aligned along thez;-axis and, similarly, for the-axis and the ATE w6y, ¢1) (b2, ¢2) (b3, P) (34)
z-axis. This(Z;, 4, #;) coordinate system may be constructed P 9 9
from the(x, v, z) coordinate system by: 1)@ rotation about w(61) w(62) w(fs)
the z-axis and then 2) é, rotation about the newly constructed Ar [p(l)(gb 61) 9D (B, ¢o) POV(0s, </>3)} . (35)
r;-axis. [Note that the order of these two steps are not com-
mutable, becaus@;, ¢;} does not uniquely relatds;. 7, z;) Remedy for Vector-Sensor MisorientatioRtaving identi-
to (z, y, z).] Thus, any signal incident from the directionfied the true orientation of each vector-sensor by the foregoing
{u(b, ¢1), v(Ok, ¢k2, w(fx)} would become misidentified calibration algorithm, the original direction finding algo-
as coming from{a(ekl), Ef)), 17(9,(3), §j>), w(e,ﬁ”)}, where  rithm may be modified as follows to accommodate each
vector-sensor’'s misorientation:

= (g (D
U 9 3 g r7 def 7
(67, ) Z¥Rz (36)
= (gD (D)
v (9k ' Pk ) where
~ l ~
w (9,2)) ’ ’ R,
1 0 0 cos ¢y —sindy 0 R , (37)
=10 Ccos 9~l sin 9~l sin </~)1 Ccos </~)1 0 Rr
—sin 6 4 1 . o .
N 0 sin 6, _cos 0 0 0 The original direction finding algorithm can now be ap-

d;i}l plied with Z substituting forZ. Note that under noisy and
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Fig. 1. RMS standard deviation §fiy, @, 01, 92} versus SNR: two closely spaced equal-power uncorrelated narrow-band sourcés witi8.07°, ¢ =
44.05°, Py = 1, 8, = 59.10°, ¢ = 36.47°, Po = 1,791 = 72 = /4, ). = —n= = /2 impinge upon a 13-element nonuniformly spaced 3-D array,
200 snapshots per experiment, 500 independent experiments per data point. The vector-sensors may be: 1) randomly oriented and directiinatesiaes es
obtained using the orientational calibration/correction procedure and/or 2) perfectly pairea psiog source information.

nonasymptotic situationdg would be estimated with nonzeroThe composite RMS standard deviation plotted is computed by
error, thereby adding another error source toward the estintaking the square root of the mean of the respective variances
tion error in{</3k, O, k=1, -, K}. This is admittedly a of 4% and¢; and the composite bias is similarly computed by
rather crude remedy; more sophisticated remedies are unidding the square root of the mean of the square of the respective
development. sample biases af andv. Note thatuy — u; = v1 — v = 0.18;
thus, the two sources would be resolved and identified with high
probability if both the estimation standard deviation and the bias
are under approximately 0.05. The proposed ESPRIT-based al-
Simulation results presented in Figs. 1-5 verify the eforithm successfully resolves these closely-spaced sources for
ficacy of the proposed closed-form direction finding andll SNR’s at or above-10 dB. Above these SNR resolution
polarization estimation algorithm for arbitrarily spacedhresholds, estimation standard deviation and bias both decrease
electromagnetic vector-sensors at unknown locations. Hairly linearly with increasing SNR decibel values.
all figures, two closely spaced equal-power uncorrelatedFigs. 3 and 4, respectively, plot the polarization parameters’
narrow-band sources impinge upon a 13-element irreguladgmposite estimation standard deviation and bias at different
spaced 3-D array of vector-sensors. This array may be c@NR levels. The RMS values are defined similarly as in Figs.
sidered as a nine-element nonuniformly spaced cross-shafiexthd 2. In the SNR range (namely, at or abex&d dB) where
array with elements at the Cartesian coordinat@g2) x the Cartesian direction cosines are successfully resolved, the po-
{(0, 0, 0), (£1, 0, 0)(£2.7, 0, 0), (0, £1, 0), (0, £2.7, 0)}  larization parameters are estimated to withi@02r in bias and
plus a four-element square array with elements at the Carted3x in standard deviation. For SNR’s above 0 dB, estimation
sian coordinategA/2) x {(+4, £4, 1)}. The two closely standard deviation and bias both decrease fairly linearly with in-
spaced equal-power uncorrelated narrow-band sources hengasing SNR dB values.

V. SIMULATIONS

the following parameter value$; = 30.93°, ¢; = 37.09°, Figs. 1, 2, and 5 verify the effectiveness of the proposed
6>, = 50.08°%, ¢ = 39.71°. (That is, the first source hascalibration and correction procedure for the case where the
w1 = 0.41 andv; = 0.31, and the second source hawector-sensors’ orientations are unknown and need to be cal-
uy = 0.59 andwvy; = 0.49.) The polarization states areibrated. The *” data points refer to an array of vector-sen-
v = 45%, m = 90°, v = 45°, 2 = —90°. The additive sors with unknown random orientation, with each param-

white noise is complex Gaussian; and the SNR is defined retter in {(6;, #;), [ = 1,---, L} independently and uni-
tive to each source. Two-hundred snapshots are used in eacfoohly distributed over[0, #/2) and independently gener-
the 500 independent Monte Carlo simulation experiments. ated in each simulation run. The “0” data points refer to
The solid curves with circular data points in Figs. 1and 2n array of vector-sensors with identical and known orien-
respectively, plot the direction-cosines’ composite estimatid¢ation. The solid curve uses the proposed procedure to cali-
standard deviation and bias, respectively, at various signal-tmate and correct the misorientation. The dashed curve forced
noise ratio (SNR) levels, using the proposed pairing proceduperfect pairing using information regarding the sources’ true
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Fig. 2. RMS bias of @1, @2, ¥1, 92} versus SNR: same settings as in Fig. 1.
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Fig. 3. RMS standard deviation §f.1, 4=, i1, 7=} versus SNR: same settings as in Fig. 1, but all vector-sensors are identically oriented and the direction-cosine
estimates are paired as proposed.

incident angles. Three calibration sources, at the same fpeocedure works well—nowhere does mispairing costs more
guency as the unknown incident sources but with the anguthan 2 dB in SNR relative to the perfectly paired case. Com-
and polarization parameters; = 0.2, u> = 0.5, uz = 0.7; paring the two curves in Figs. 1 and 2 with"“data points

vy = 0.8, v2 = 0.3, v3 = 0.6; v = v2 = ©/4, v3 = 0; for the randomly oriented array, nowhere in the SNR range
m = —n2 = w/2, n3 = 0 are sampled 200 times at thetested does the proposed pairing procedure costs more than
sampling frequency as for the incident sources. From Fig. 3;-3 dB in SNR, when used with the proposed calibration and
there exists no mispairing among all 500 independent simulzrrection procedure. Based on the closeness of the tio

tion runs for all SNR above 0 dB. Comparing the two curvesurves in Fig. 1, the relatively poor performance at low SNR
in Figs. 1 and 2 with “0” data points, the proposed pairingwith estimation standard deviation of 0.5 at20 dB) for
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Fig. 4. RMS bias of 41, 4=, 71, 1=} versus SNR: same settings as in Fig. 3.
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Fig. 5. Percentage of runs where the Cartesian direction cosines are mispaired versus SNR: same settings as in Fig. 3.

the randomly oriented array is NOT due to mispairing errors VI. CONCLUSION

but due to general breakdown in array resolution. However,

comparing the *” curves with the “0” curves, random ori- The proposed ESPRIT-based electromagnetic direc-
entation does cost 4-10 dB in SNR in the present sigrtadn finding and polarization estimation algorithm offers
scenario. While the identically oriented array produces moctosed-form solutions to arbitrarily spaced arrays of electro-
biased estimates for all SNR above 13 dB, the estimatiomagnetic vector-sensors whose locations need not be known.
bias is generally at least an order of magnitude less than fiige vector-sensors’ spatial location may remain unknown
corresponding estimation standard deviation and thus ddmsause ESPRIT’s invariance factors no longer depend on array
geometry. This advantage alleviates the nontrivial problem of

not substantially affect the above analysis.
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spatial calibration, though the vector-sensors still need to bp1] ——, “Uni-vector-sensor ESPRIT for multi-source azimuth, elevation,
identically oriented. A basic calibration and remedy have also
been verified as efficacious to accommodate vector-sensgsy,
misorientation. This algorithm is readily susceptible to parallel
implementation, thereby facilitating real-time uses. Using the

. . S (23]
technique in [28], the present scheme also works by substltutln[g
each six-component vector-sensor by a dipole triad or by a loop

triad.
processing mode, real-time adaptive implementations of thi

Though the proposed algorithm is presented in the batcz4]

present algorithm may be readily realized for nonstationary
environments using the fast recursive eigendecompositiol#®]
updating methods such as that in [15].
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