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Abstract—This paper examines transfer-function based In practice, the actual (measured) array manifold will
techniques for performing direction finding on a source of  (iffer, often times significantly, from the theoretical (mod-
electromagnetic energy using a passive vector sensor array eled) array manifold. This difference is due various ar-

whose manifold is only nominally known. This problem is i h tt diff
studied in the context of a situation in which the source can @y anomalies such as sensor pattern diierences, sensor

be observed from multiple look angles, as would be the case coupling, and sensor to receiver electrical cable length
for an airborne array. The calibration algorithms examined  differences. In order to obtain reliable source direction

in this paper address the case of both polarization and estimates, DF systems require that a precise characteri-

non-polarization diverse arrays. Computational studies are zation of the actual array manifold be availabferay

presented to assess the efficacy of the calibration algorithms. libration is the techni d t late th tal
Index Terms—array calibration, direction finding, angle ~ c&llbration is the technique used fo relate the actua
of arrival estimation and theoretical array manifold3his paper presents an

overview of the array calibration techniques proposed
in [2]-[4]. While most of the available techniques for
|. INTRODUCTION array calibration are designed for a conventional sensor
This paper investigates direction finding (DF) on aarray [4]-[8], this paper also presents a discussion of the
source of electromagnetic energy using a passive sensarray calibration technique proposed in [2] that explic-
array. The response of a sensor array varies as a functidgtly accounts for the polarization diverse nature of the
of the direction of the incoming signal. Knowledge of the vector sensor (see [3] for an in-depth discussion). The
form of this function, termed tharray manifoldor array  calibration techniques discussed in this paper utilize a
steering vectqris what enables a sensor array to be usedransfer-function based framework to relate the modeled
for DF applications. and measured steering vectors.
The specific type of sensor array studied in this paper
is the electromagnetic vector sensor, whose usage for
direction finding was first proposed in [1]. A conventional Ez
(non polarization diverse) sensor array consists of identi-
cal sensor element types. A vector sensor is a polarization
diverse array whose output is a measurement of multiple Hy Hx
components of electromagnetic information. A typical full
vector sensor consists of two orthogonal triads of dipole
and loop antennas with the same phase center, as shown
in Figure 1. The dipoles for measuring the electric field
components and the loops measure the magnetic field
components.
The utility of a vector sensor can be appreciated
by recalling that the angular resolution of an array is
inversely related to the size of its aperture. Thus, fine
angular resolution will require a larger physical aperture.
However, many airborne reconnaissance missions employ
small unmanned aerial vehicles on which the physical
space available on the airframe is very limited, thus
constraining the size of the array aperture. However,
because a vector sensor uses multiple components be- 1
electromagnetic information, it can offer accurate source
location estimates with a smaller aperture. In theory, if
a full vector sensor with a point aperture can provide Il. ORGANIZATION
enough sensitivity to measure the complete electric and This paper is organized as follows- Section Ill develops
magnetic fields, the source location can be estimated bthe steering vector model for a polarization diverse array.
simply calculating the Poynting vector. Section IV formulates the calibration algorithms. Section

Hz

Ex Ey

A full electromagnetic vector sensor.
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V presents the simulation results and discussion of applythe polarization angle and phase difference, respectively.
ing the calibration algorithms developed in Section IV. Note that while knowledge ofy and n are required to
completely characterize the array manifold, only the AOA
[1l. STEERINGVECTORMODEL FORMULATION parameter® and ¢ are of interest.

Studies such as those in [10] have shown that when Suppose there ar&/,, sensors of a particular type,
the vector sensor in Figure 1 is mounted on a typiand letR,, € R**N~ be the corresponding sensor
cal small aircraft, some elements of the vector sensolocation matrix. Let®,, (6, ¢) be the appropriate row of
experience significant airframe interaction, resulting in® (¢, ¢) corresponding to the particular field component
unreliable measurements. To overcome this problem, ori@at the sensors measure. Define a unit vector in the source
solution is to use a “trimmed” vector sensor, whereby onlydirection
sensor elements with insignificant airframe interaction are . . . T
retained. By situating mgltiple trimmed vector sensors® ) = [ cos(0)sin(¢) sin(0)sin(¢) cos(¢) ](1)
at various sites on the airframe, the aperture can b% he plane wave (far-field) response is defined as
increased. Note that because of aerodynamic issues and/or
varying sensor interaction at different locations on the Vi (0,¢) = et X Rnu(@.9) 2)
airframe, the trimmed vector sensors will in general not be
identical. This concept of distributed and trimmed vectorV where ) is the signal wavelength. The response/steering
sensors has previously been studied in [11]-[14]. vector of the vector sensor array is generated by concate-

A particular 8-channel trimmed vector sensor conﬁg—natlng the response of identical sensor types
uration that will be studied as an example in this paper Vys,1 (0, ¢0,7,m)

is shown in Figure 2. The two loop antennas measure 9 _ . 3
. . VVS( 7¢7%77)— . ()

the z andy components of the magnetic field,, H,), 0

while the vertical dipole measures theomponent of the Vs, (6, 6;7,m)

electric field £.. where

Vys,m (07 ®,7, 77) =Vm (97 ¢) [@m (97 QS) P (77 7’)} (4)

and M is the number of distinct field components being
measured, or equivalently, the number of different sensor
types. The size of the vectar, (6, ¢,v,n) corresponds
to the total number of sensor elements (channels), and
will be denoted byN.
EI: As an example, consider the 8-channel trimmed vector
sensor configuration shown in Figure 2, which measures
the three componenis,, H,, andE,. Thus, the value of
Ful "e°'°'se"s\ / M equals 3. Letting)y, v.w, anduv; represent the plane
wave response for the sensors on the left wing, right wing,
and tip of the aircraft, respectively, the trimmed vector
sensor response becomes

Trimmed vector sensor

Trimmed vector sensor

_ o -
E
< UrW ) :
Fig. 2. Trimmed vector sensors and an 8-channel aircraft configuration. Ulw
Urw | Hy
Vys (97(25;7777) = v
t
A. Signal Model Ulw I
Let # and 8 represent the azimuth and elevation angle Urw Y
of arrival (AOA), respectively, of the signal on the array L Ut i

with respect to the source location. It is assumed that th .

vector sensor array is in the far-field of a narrowband©r which indeedV = 8.

signal. Following [15], define the components of the Alternative response representations for a polarization
electric and magnetic field received on the array as diverse array are possible. For example, in certain sensor

Ez cos () cos (¢) —sin (6) configurations, it is possible to represent the response as

gy Sln_( Szrfc(’;)( ) COSO(G) in () e+97 a hypercomplex number (quaternion). This representation
Hi = — sin (6) — cos (6) cos () { CJS () is descrbied in more detail in [16],[17].

H, cos (0) —sin (0) cos (¢)

H, 0 sin (¢)

IV. ARRAY CALIBRATION

=e6.9pnn Suppose alV element sensor array observes a station-
where © (6, ¢) and p (y,n) have obvious definitions, ary, far-field, narrowband source At known and distinct
and 0° < v < 180° and —180° < 5 < 180° are look angles. Letv (6, ¢x) and z (0x, ¢x) represent the
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N x 1 modeled and measured array steering vectomrbitrary polarizatiorp at look anglek may be expressed
respectively, for the source azimuth AGA and elevation as

AOA ¢y, wherek = 1... K. The modeled steering vector _

is constructed based on knowledge of various paramete?’s“(ek’ Ok P) = C1iVas (O, Ors 1) + ok Vs (O, (/51@,(1122))

such as the nominal array geometry and source AOA. where ciz,con € C. Thus, the polarization state is

Define A parameterized by a 2-dimensional subspace,&pdnd
V(0,¢>):[ v(0,01) ... v(0k,0K) ] co, represent the linear combination coefficients needed
d to achieve a particular polarization state.
an N (12) can be expanded in terms off;, ¢) as
20.9)=[ 201,00 ..o 200,01 | Vea (08, 61, D) = 1T (O, D 1) V(01 )

+c2u L2 (O, O P2) v(Ok, d)  (13)
where @ and ¢ are vectors whoséth elements aréy, |\ hare Ty Ok, ¢k, p1) € CVXN and Ty (0x, d1, p2) €
and ¢y, respectively. o . CN*N are diagonal matrices consisting of terms of the
In order to perform array calibration, a transfer-functions ., g (0%, dx) P (7,1). When the array manifold is
operatorT{} is sought such that when it operates on the, o rheq from the modeled array manifold, as is the
modeled steering vector, the result is a "good” approXiase in realistic scenarios, (13) can be extended so
mation of the measured steering vector. That is, that the angle-dependent terms T (6x, ¢x, p1) and

2(0k, o) ~ T{v (0, dr)} (5) T2 (0k, ¢x, p2) as well as the remaining manifold pertur-

) ) ] ) bations, are captured in the corresponding full matrices
To quantify the notion of a “good” fit, the Euclidean A, € CN*N and A, € CVN*N | so that

distance between the left and right hand side of (5) will
be minimized, resulting in the cost function T{v} = cix A1V (Ok, ¢r) + corAav (Ok, ¢)  (14)

K where {c1x, cor, A1, Ay} are the unknown calibration
J = |z 6k, ¢x) — T{v (6x,0)}|>  (6)  parameters.
k=1 The corresponding cost function in the form of (7) is
(6) can be recast as

J=2(8,¢) - T{V (6,)}’ (7)

In [4],[5], the following form of T{} was considered: where® denotes the Kronecker tensor productdenotes
the element-by-element Hadamard product [20] and

Trn2||20.9) - An[Po (Tov©,9)]|
(15)

T{V(9k7 ¢k)} = Av(0k7 (rbk‘) (8) A
where A € CV*N is a calibration matrix. Substituting Ap=[ A1 A ] (16)
(8) into (7) and differentiating yields the optimal solution =
) [ ive[en .. ak ]
for A: P= P [ . . } a7
A=27(0,9)V"(0,9) 9) veLean e fK

) ) Differentiating (15) yields the optimal solution for the
where# denotes the matrix pseudo-inverse. Because th@alibration matrices

calibration matrix minimizes the distance between the 4
measured and modeled steering vectors, it is useful in DF  Ap = Z (0, ¢) [P ©) (fg ®V (0, d)))} (18)
applications where the modeled steering vector is used to -
determine the source AOA. Note that (9) was developediOte that (18) assumes knowledge of the coefficients
for a conventional array and does not assume polarizatiof"d ¢2x» Which have not yet been computed. To solve
diversity. In [4], it was shown that (9) yields significant for these coefficients, observe that since it is desired that
performance improvement when used with a conventionaf 1V (%k: )} = 2(0x, éx), (14) can be rewritten as
array. It is reasonable to expect that some performanc C1k
gain will also be achieved when (9) is used on a pof A1V (O, 01) - Axv (B, r) | { Cak } = 26k, o) (19)
!arization diverse array. Howeyer, 'furth.er performance]-he least squares solution for, andcy; as such is
improvement when using a polarization diverse array may
be possible if the transfer-function in (8) is extended toc, £ [ C1k ] = [ Av (O, dr) Axv(Ok,0%) |7 2 (0k,dx) (20)
explicitly account for the polarization diversity. Towards 2k
this end, the following observation due to [9] is made: The optimization of the calibration parameters can now
Let two distinct signal polarization vectors be denoted bybe performed by iterating between (18) and (20). The
optimization may be initialized by selectin@%’) =
p1 = P(y,m) (10) 17(6,¢)V#(6,4) In], where the superscript repre-
P2 = P(12,72) (11)  sents the iteration number. Convergence is achieved for

i 1—1
Denote their respective vector sensor steering vectors & tolerance leveb when HAE) — A )HF /N? <4,
vys(0, ¢, p1) andvs(6, ¢, p2). The steering vector for an where||(-)||» denotes the Frobenius norm [20].
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A. Usage in Direction Finding Algorithms Synthetic elements provide additional fitting coeffi-

~ The form of (14) suggests that its usage in a directiortients (V,,, additional coefficients per array element) for
finding algorithm would require a search ovgf, andcy,  the calibration process, resulting in superior calibration

as well ag, and¢y, thereby doubling the dimensionality herformance, though at the cost of added computational
of the search space. However, consider a direction f'nd'ngomplexity

estimator of the form
F (Or, ¢r, cik, car) =
M7 (cirArv (Ok, dr) + caxAav (O, ¢k;))||2
lc1k A1V (Ok, i) + cor A2V (Ok, ¢r)||? h q f
. . The trimmed vector sensor configuration in Figure 2 is
J]Ze%a;tgr;; H(;(]zkgfdgﬁ{;éiigr(gkéﬁ?fe(jslgbﬁgi)névﬁgntﬁ Iioisé’sed for simulation studies. The aircraft geometry at 90

subspace of the received signal is the MuSIC estimatd"Hz is shown in Figure 3.
[21]. When (21) is rewritten with the aid of (19) as

F 0k, ¢r, 1k, c2k) =
||MH ([ Aiv 0k, 06) A2v (0, dr) ] Ck) ||2 (22) -I_
H[ Av 0k, 08) Aav (0, dk) ] Ck”2

it is recognized as a Rayleigh quotient, and the solution 0.5
for ¢ is thus the extremal eigenvector of the matrix

QQ”

V. SIMULATION RESULTS
(21)  A. Simulation Setup

where 3
Q= Av(k,0r) Aav (6, r) ]HM (23) 112

Hence, the existence of an analytical solutiondpfeaves
the dimensionality of the search space unchanged.

B. Synthetic Elements _ |

Recall that because of airframe interaction, some ele-
ments of the full vector sensor were removed, resulting
in a “trimmed” vector sensor. The elements that were
removed can be viewed as lost degrees of freedom. TI{
introduction of synthetic or “virtual” sensor elements may
help recapture some of the source localization perfor- sensor manifold perturbations are assumed to be caused
mance that is lost due to element trimming. Consideby near-field scatterers local to the airframe. For every
an N element sensor array and the correspondiig look anglek, the measured steering vects(ty, ¢) is
element modeled steering vector. Now suppose that amodeled as follows:
additional N, sensor elements are included in the mod- z (O, éx)
eled steering vector, even if they do not exist physically.
The modeled steering vector now consists of the original
N element steering vector concatenated with /€y,
element vector whose elements are the modeled sensor

g. 3. Small aircraft geometry at 90 MHz with 3 trimmed vector
nsor sites (c.f. Figure 2).

= Vys (9k7 ¢k)

Necat Vi (957 ¢.s) [91 (957 ¢a) Fsp (’)5 77)] e+jds
+ € .

response at the locations of the synthetic elements. The L var (05,65) [O (65, 65) Tsp (v, m)] €79
calibration cost function may now be posed as (25)
K V (6, ¢) 2 The model (25) consists of the direct path steering vector
T = |0k bx) — T{{ A (70 &) ]} (24) vy (6y, 1), and the multipath component which is mod-
k=1 § ’

eled by the summation terms. The relative strength of the
Note that the optimization for the calibration matrices ismultipath component is controlled by the parameteand
now overCN>*(N+Neyn) N.at denotes the number of scatterers. For simulation

The specific placement of synthetic elements is genpurposeses = 10 dB and Ny.,; = 20. Observe that
erally performed in an ad-hoc manner. For example, fothe termv,, (6s, ¢s) [®n, (05, ¢s) Tsp (v,1)] in (25) is
arrays with a regular geometry, synthetic elements caidentical to (4), except that the polarization state vector
be placed via concentric extension. For arrays in whictp(y,7) is premultiplied byI's. The 2 x 2 matrix T'; is
certain elements are “missing” (as is the case with th@ random scattering matrix which models the scatterer-
trimmed vector sensor), a natural choice is to positiorinduced transformation of polarization stadg.is the path
the synthetic elements at the locations of the missindength difference which causes a phase offset modeled by
elements. the termetids,
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TABLE |

PERFORMANCE OF CALIBRATION ALGORITHMS

[ Algorithm [ 2 (Deg) [[ &, (Deg) |
Initial Estimate 3.01 2.98
No Calibration 12.05 16.27
Conventional Calibration 0.77 0.40
Conventional Calibration w/Synth Elem  0.04 0.03
Pol Div Calibration 0.13 0.05
Pol Div Calibration w/Synth Elem 0.005 0.007
Conventional Calibration Pol Div Calibration No Calibration

0.5

82
80
78

34 74 16
Elevation (Deg) 32 Azimuth (Deg)

Conventional Calibration w/Synth Elem

0.5

38
36

34 4
Elevation (Deg) 32 Azimuth (Deg)

0.5 0.5

80 82 82

78 36 80

34 74 76 I
Elevation (Deg) 82 Azimuth (Deg) ~ Elevation (Deg) 32 Azimuth (Deg)

Pol Div Calibration w/Synth Elem

0.5

4
Elevation (Deg) 32 Azimuth (Deg)

Fig. 4. Example DF spectra for various calibration algorithms.

For the study presented in this paper, simulations werand

performed using 200 calibration points randomly sampled 1 K. 2
over the set of data taken §0° azimuth and0° elevation €p = K Z (dm - ¢>k) (27)
sectors. The presented results are the average of 10 trials. k=1

For comparison purposes, direction finding perfor-for azimuth and elevation errors, respectively.
mance is evaluated without the usage calibration, and
with usage of conventional array calibration (9) andB. Discussion

polarization diverse array calibration (18). The perfor-

Figure 4 makes apparent that the use of calibration

mance improvement using synthetic elements is alsQgpificantly helps in reducing the width of the DF spec-

presented. In this paper, synthetic elements are chosg

fal peak, as compared to the no calibration scenario in

as the full vector sensor elements (Figure 1) missingynich the peak is very spread out. It is evident that use of
from the trimmed vector sensors. As such, because go|arization diverse calibration offers a significant perfor-
full vector sensor consists of 6 elements, the 8-channg}, nce advantage over the use of conventional calibration.

configuration of Figure 2, which congists of 3 distinct sub-14pje | offers a quantitative algorithm performance com-
arrays, would have a modeled steering vector of length 185 ison. From an initial guess error of a few degrees, not
when synthetic elements are used.

The root mean square error (RMSE) of the AOAmance. This is because uncalibrated array perturbations
estimation error is the metric used for performance asean cause a measured steering vector from a particular
sessment, and is defined as the RMSE of the differendeok angle to closely match a modeled steering vector that
between the elements in the estimated and actual AOAsyriginates from a very different look angle. However after

so that

o= (n)

k=1
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performing calibration will significantly worsen perfor-

performing calibration, the AOA RMSE is reduced to a
fraction of a degree. While the results presented in this
paper use simulated, rather than experimental data, and
(26) may thus be somewhat optimistic, the simulation results
do nonetheless show that a significant performance gain
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over conventional array calibration algorithms is possiblg16] S. Miron, N. Bihan, and J.I Mars, “High Resolution Vector-Sensor

when a polarization diverse array is calibrated using an ~ Array Processing Based on Bi-Quaternion2Q06 Inter Conf on
. . . R Acous. Speech. and Sig Prqap. 1077-1080 , May 2006.
algorithm that explicitly accounts for the polarization [17] S. Miron, N. Bihan, and J.I Mars, “Quaternion-MUSIC for vector-
diversity. sensor array processing I[EEE Trans. Sig. Prog.vol. 54, pp.
1218-1229, Apr. 2006.
[18] W. Stutzman and G. Thielédntenna Theory and DesigiViley,
VI. CONCLUSION 1997.
. . [19] L. Trefethen and D. BaNumerical Linear AlgebraSIAM, 1997.
A review of transfer-function based approaches to array>o] T. Moon and W. StirlingMathematical Methods and Algorithms
calibration was presented. Two approaches- one for a for Signal ProcessingPrentice Hall, 200.

; _ At ; 21] R.O. Schmidt, “Multiple Emitter Location and Signal Parameter
conventional (non-polarization diverse) array and ond Estimation’IEEE Trans, Ant. & Prop.vol. 34, pp. 276-280, Mar.

for a polarization diverse array, were examined. Both  19s6.
are based on a least squares metric and as such lef#8] J.A. Nelder and R. Mead, "A Simplex Method for Function
i i ; ; ; ; Minimization” Computer Journalvol. 7, pp. 308-313, 1965.

themselves to eff|C|_ent SOIUtlon_S' _SImU|_at|0n studies f0r23] R. Fletcher,Practical Methods of OptimizatignJohn Wiley &

a trimmed and distributed polarization diverse array were = sons, 1980.

carried out. While the benefits of calibration are evidentf24] W. H. Prelss, B. P. Flannery, bS.dA. Teukolsky, and W. T. Vettering,
: ; ; ; Numerical Recipes in GCambridge University Press, 1988.

with usage of the conveptlonal array calibration approachy, ., " poviin Adaptive Filter TheoryPrentice Hall, 1996,

a marked performance improvement was seen with usaggs] p. Manolakis, V. Ingle, and S. KogorStatistical and Adaptive

of the polarization diverse calibration approach. Perfor- Signal Processing: Spectral Estimation, Signal Modeling, Adaptive

; ; Filtering and Array ProcessingMcGraw-Hill, 2000.
mance enhancement was also seen for both Ca“bratlctE?] H. Van TreesOptimum Array Processing (Detection, Estimation,

approaches when synthetic elements were used. and Modulation Theory, Part IV)Wiley-Interscience, 2002.
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