
Development of Polarimetric Vector Signal and Tensor Image Processing 
In Wideband Interferometric POLRADBAR Signature Analysis 

1. UniverSity of IUinois at Chicago UIC-EECSKSN MIC154 840 W Taylor, SEL (607)-4210,-Chicago, IuuSA-60607-7018, T&F: 

2. Naval Air W e e  Center, NAWCADWAR Code 5024, P3-PoL-SAR Program, Bldg US50 Street and Jacksonville Rds, Warminster, 

3. University of Alabama at Tuscaloosa, UAT-EECSRRL., 4025 Windennae Drive, Tuscaloo~q ALAJSA-35405, T&F 

+[1] (3 12) 996-5480, e-mail: boeme@parsys.~s.uic.edu 

PARISA-18974-0591, T&F: +[I] (215) 441-1422/7281 

+[I] (205) 553-7067B48-6959 
4. German AerO~pa~e Research Establishment, DLR-OPH-IHFT, MUnChW-str.20,GEB. 102,D-82239 Obe@&khOfdOStamt 

5. UrriVrmty Of Oita, UO-ECVWSL, 700 Dannoh;luy 
6. Nigatd W-, El. MO. Eng., lkanshi 2 N ~ h o  8050, NUgata-shi 450-21 Japan, T&F: +[813(25)262-6752 

Wdh@Obb., FRG, TIF: +[49] (8153) 28-2343/1153 
Kyushy 870-1 1 J- F/T: +[SI (975) 67-2790169-3 1 1 1 ~ 7 %  

A- - Bpsad 011 the complete traacmissiOn S e 
description and the aMilability ofthe 868ocipted sets offour distind 
y signsl F" and -.* 0 si- proapsing 
algonbmsan lntroduadfor thee@" ofuscfultprgetvususcl~ 

m UEefulntSs of impruncnrins the ~ O ~ d  pduiwtrir 

formulatioarisveriticd Itisshownhowthcacco~csnbeappliedinthe 

ratios. 
G"t E.L..ecmcrrt CadliiU (OPCEC)" into the PMSFIPMIF 

wdrawideband multispectral polarimdric d a g  and imaging for O p W  
h.p Futurr Exttrrtioll (OPlFE) im "Widebud ImtcrferordriC 

-ofthe t e e  andplanctnryannrs. 

1. htroduetiocp: Minititto of TrurmirJoll V c r w  SUttehg Mltrir 
sctr 

Recently both optical (lidar) and m i c m v e  (radar) po la r im  
enjoyed the long overdue &tion and lechrological implememtioa 
experts had expeaed due to the immense imp"en1  it has to offer in 
imaging nsolution and contrast enhancement of low obsuvebles uabeddcd 
in strong dynamically changing backpmd cluaer. whereas in classical 
optical polarimtry mqPr cmpbis is paid to the transmission versus the 
dectioo pmpetties d e l  

(ba&md@ and bisEatic scattering behevior is analyzed 1121. 
U&"tdy, in theli~theappmpriatetransmission and satking- 
type matrias are wt always distinguishtd proptrly 8s those ought to be. 
succind comparative aoalyscf of the propagation versus badtscatta type 
matriceswiu be developed by incorpo.ating the proper alordinste sysccms 
the distind delhitions of various related polarization state drscripors for 

~ L u d ~ . U i O L P o l . ~ ~ ( W L S I P ) N w i l b a d p l i a l i o M L o w i d e s n a  

both the coherent and the partially cohemt cases, and by introdudng the 
wcll-lnown coberracy matrix [r). dcfincd for the two distinct 
transmissionIJ~lversussca(leringlJSlMdesofopera(ions131. 

For lhese two distinct vector wave medium intedoo M - in 
order of complexity - a set of four distinct d c e s  is inlroduccd in cach c89t 
including: (i) the 2x2 complex pheoor (coherent) Jones transmission m 
versus Sinclair scattering [SI nutrias, (ii) the assu&ai 2x2 ~amplex 
coherent powa density transmission matrices 19 = [Tlt[V versus the Graves 
[GI = [SltlSl complex coherent power scattering matrices (Wilb t denoting 
the Hermihn conjugate); (iii) the 4x4 real power density Mueller 
Propasation ptil. vems Kennaugh +altering 1K1 matrices (of which an 
optical, but non-uientical alternate is the Stokes &kction matrix); and (iv) 
the 3x3 ( W c :  monostatic miprod)  or 4x4 (asy"&c: gmeral 
bide W o r  000-reciprocal) Polarimetric f2" Transmission M 
vasus scattering [Cl matrices [4 - 111. 

DiathcthcTrrnrmirrioa e, ScateMg 
Coherent Phasor Matrices [2x2] 

n f) IS1 
(similarity) (consimilarity) 

F1=lTl1n c* l G l = l ~ l t l ~ l  
Coherent Power Density Matrices 12x21 

partially PolaridCohcrcnt 14~41,110l 

IM1= l&l + lMxl f) PI = IQ + [KxI 
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f) 

and its implications. (Huyneos SU(2) group expansion) 
Baerner's extension of Clwde's trypiCS I4.61. 

upan - . ofthaetwodist inctanduniquesetsd 
transmission versus scattering mwix trypcics, it is now possible to redress 
the matrixop(imidonanddsompoEilionproMemsinasyslunaticway. 
2. Matrix OpUmiwtion Approrh: 
(Similarity versus Consimilarity Eigen-valuehrcdor Problems) 

Derivation of the Optimd (characteristie) Pd8rtutioa Staca: Although 
considembk progress was made in advancing the Kcnnaugh targel 
charaderistic polaridon theory and Huynen's polarization fork c", no 



fully vansparent theory. separating the forward scattering (propagation) from 
the backscattering (monostatic and bistatic scattering cases) and/or its 
interaaive relations was hitherlo developed. instead, these distinct wave 
scatterer interaction cases are wildly mixed up in the literata. However, 
with the recent advances made by Hom and Hong 17.81 in analyzing 
'similarity' versus 'conrimilarity' eigenvaluehector problems. w are now 
equipped to resolve the fine points (pitfalls) of radar polarimetry once and 
for all 16.91. 

Tmaformation Invariants 
Eigenvaluflector Problems (Similarity versus Consimilarity) 17f 

m, ft [SI, IC] Trace{M) = Spanm =Invariant 

Trace{[G]} = SpanlS] =Invariant 

Det = inv. I  et [ ~ l l  = inv. 

partially coherent case (covariance) 

M 1x1 TraceM = Trace M = Span [T1= Inv, 

Spanv] = invariant 

TraceIZ] = Trace[K] = Span IS] = Inv, 

SpanlZ] invariant 

[MI ff [KI 
As a result of these canonical polarimetric matrix invariants, the 

appropriate 'covariance matrix invariance ratio (cmir)' may be 131 defined 
with yi representing the non-negative eigenvalues of the covariance mauix 

Stochasticity wcmcients 13.4.6.9.121 

1x1 with 0 SYI  SY2 SY3 as 131 

which plays a significant role specifically as a measure (standard) for speckle 
reduction 191. 

The Extended Polarization Fork 

For the monostatic reciprocal case (SM = SBA) it is shown via a 
corrected coneigenvaludvector approach and con-similarity transformation 
that there exist in total five pairs of characteristic polarization states 1111: 
The orthogonal cross-polarization null and w-polarization state pairs, being 
identical and sharing one main circle with the mpolarization null and the 
orchogonal cross-polarization maximum state pairs, the latter being tll right 
angles (on the polarization sphere) to the cross-polarization null pairs; and 
another newly identified pair: the orthogonal cross-polarization saddle point 
extrema which are normal to the plane (main or large1 characteristic circle) 
spanned by the other four pairs on the polarization sphere. With this 
complete and unique con-eigenvaluehector and con-similarity transformation 
mathematical description of Huynen's polarization fork concept 14.6.9.1. it is 
now readily possible to resolve the remaining unanswered questions in the 
polarimetric radar target optimization problem for the cohercnt case, and also 
for the partially polarized cases. 

Optimal Polarization States: 

Comparison of existing Optimization Approaches for Extrading the 
Characteristics Polarization Slates (Monostatic and Antimonostatic; 
Forward Propagation or Transmission Line Case) 
Optimization Approach 

Critical Point (transformation) Method 13.1 11 

IT1 t) IS1 
Lagrangian Multiplier Method (sixth order equations: Balois groups) 

110.3.121 

IT1 ff 1x1 
By introduction of these unique optimization approaches, the 

uniqueness of the 'Characteristic Polarization State Descripton 1131 and 
of the Extended Polarization Fork Concept' [ 141 can be shown 13.4.61 and 
it is then possible to derive the associated 'OPCEC', PMSF, PMIF, and 
OPIFE concepts. 

3. Development of the 'Optimal Polarimetric Contrast Enhancement 
Cwfficients (OPCEC)' 

A unified presentation of Polarimetric Transmission versus 
Scattering Optimization formulations is in sight. It is shown that 

Kennaugh's and Huynen's [ 141 original concepts of the o p t i d  polarization 
states are correct and that a unique 'Polarimetric Radar' theory now can 
finally be 'fine tuned' for deriving the pertinent algorithms essential to 
advancing high resolution electromagnetic sensing and imaging 14,6,9]. 
Also, the ultimate goal of deriving the unique set of 'Optimal Contwt 
Enhancement Coellicients: OPCEC,' required for scatter feature 
di~rimination, is herewith feasible, and now can be strongly advanced 13.91. 

Next to determining the eigenvalue and optimization problems for 
the scattering matrix sct IS(AB)I, IG(AB)]. IZ(AB)l. IK] and the propagation 
matrix set [T(AB)), [F(AB)I. [Y(AB)I, and [MI and its optimal 
(characteristic) polarization states, representing "a formidable still not 
completely resolved problem for either symmclric or definitely for the 
asymmetric cases", equally imporlant, the exact and correct expressions for 
the enhancement of the optimal contrast behveen two classes of scatterers or 
scatterer ensembles must be determined In general, these two distinct 
classes of scatterers may be defined as T and 'C where 'T defines, for 
example, the desirable (useful) scatterer (targee T) and 'C the undesirable 
scatterer ensemble (clutter: 'C') against which 'T is to be discriminated or to 
be contrasted. The formal development of these "OPCEC expressions 
associated with a specific matrix description in terms of either [S(AB)], 
@(AB)], [Z(AB)]. w], and/or any combination of such, is in parts still 
unresolved, yet solutions are in need for introducing more meaningful and 
polarimetrically unique definitions for the polarimetric cdcross-polar 'signal- 
to-clutter ratio', 'cdcross-polar detection merit facton,' e&. In the 
followin& some of these 'OPCEC expressions are introduced for the 
separate cases of 'a priori' knowledge on IS(AB)I, IG(AI3)I. ~C(AB)I,  [KI, 
and/or (T(AJ3)], p(AB)]. (Y(AB)], [MI, where in most cases unique 'OPCEC' 
expressions for mixcd cdcross-polar power density andor relative phase 
wellicient problems niusl bc found 13.1 I]. 

a)OPCEC for PdX@) given IS(AB)] for T and C 'opcec IS]' 131 

b)OPCEC for Pdx@) given IG(AB)] for T and C 'opcec [Cl' [3] 

c)OPCEC for P & p )  and P,.l given [Z(AB)I: 'opcec [Z:Qi)l 131 

From inspection of the definitions of [C(AB)] and (C(pl)], it is 
apparent that in general, a distinct combination of optimal contrast 
enhancement relations between two scatterer classes T and 'C exists, 
involving either PcT) versus Pc.(C) or P&), Px(C); Px(T) versus Pc(C). 
Pc.(C) or Px(C); or versus its complex conjugate, etc., and similar 
expressions can be found for R&), Rx(p), etc., depending on the specific 
nature of [Z(AB)T] and IZ(AI3)cJ. Little yet is known and the solutions for 

Optimizing [ U T I  versus [&cl muSt first be established 1121 in order to 
interpret the solutions for these cases as is shown in [IO]. 

d) OPCEC for PdX given [KI or [MI for T and C 'opcec IMil 
In general, a partially coherent wave 2 can be decomposed 

according to [3] into its completely polarized component & and unpolarized 
component &. and it is the total polarized energy of the desired scatterer T 
which is to be optimized by minimizing the respective power contribution of 
the undesirable scatterers 'C' [3,lO]. The solution of this rather complex 
multiparameter polarimetric optimization problem depends strongly on that 
for finding a complete set of solutions for the single scatterer solution of M 
and [C]. and the opcec solutions for [X(AB)]. Here one of many possible 
distinct opm definitions developed in (Tanaka, &mer 1992) [lSl is 
introduced, assuming that WT] .and FIJ are known and the ratio of the 
completely polarized components (&T is to be optimized versus (&)c such 
that 

with [MI denoting a ixj subset of [MI where [MI,, i=1.2.3.; j=O. 1.2.3. etc 

4. Development of the Polarimetric Matched Vector-SignaUTenwr- 
Image Filters: PMSFlPMlF 

Polarization-agile SAR, like MBNWB-POLSAR, provides 
coherent magnitude and phase data of the co- and cross- polarized scattering 

1122 



matrix elements on a pixel-by-pixel basis, i.e., every pixel of the image 
consists of eight unique real parameters. Since various terrains or tatgets 
respood to one polarization state mom than otbers, an incident poleriznrioo 
cwld be chosen to enhance the nspoast done type of terrain (target) whik 
suppressing, i.e., not using a prefeed polariaion state, for ob* or 

withi0 the image d o n  (clutter). Furtbermorc. the receiver 
antenna PolariEption Statt @ost-p-r-PW can be brned such that the 
incoming scatttrcd wave can either be suppressed or completely received by 
p w  matching the Signals during image proccssink One "I which 
will lh iS  USk iS called the ' P d 8 h k  Matebad byC Filter 
(PMIF)'. Whereas the 'Pddrcltk M L b e d  si& Filter (PWP)' dtals 
w i l h t h e ~  'ng probkm of agile vector fgmd optimiutioll and is 
no( b e i i  fiulher d i d  hen (sce derences). Thc PMIF has the 
following charaderistics (121: 

it dm the freedom of changing the transmitted or received polprization 
SEStes in a post-processine mode, assumhg that tbe scawing 
damlts ale MBsllted and calibnted comcuy, i.e., are pm targe(- 

p o l a r i p t i o n ~  scics, ProQagstiOn path distolton& a.; 
the PMP can be used as an adjustable tuner (film) to "i t  or receive a 
desiraMe polarkation which will mhence a specific target feature such as 
ships or 0 t h  "made objecrs or ocean wave pattcnrs, etc.. in a aaaptive 
pmt-pmcasingmode. OptimslperfomancecfthePMIFilWonthe 
s t a t i s t i c a l m l u a t i o n p r i o r t o t h e ~ ~ p r o a s s .  T h e m  
"I reduces human intwention during the decision process which is a 
firer stcp toward au-, and it ala0 allows for complete polarimetric 
matching to lmown dtsiraMc scatterer (target) versus undesirable scatterers 
(cluaer), where the scattcriag matrix can be modeled in advance; thus, 
rcadering the 'Pdarimetric Matebed (Sign8Ulaage) Filtering" "XI 
feasible. 

chsrodais(ic pa" (invarieot) and will mt depend 011 uutrurr 

5. Dmlopment of the Optimal I m g  Future Extractha (OPIFE) : 

Thus asa next step, based on chccompk(e solution to the OPCEC, 
PMSFPMIF extraction problems. the most imporlant applicplion of reder 
polarime(ry may be approached which addresses thc multi-spedral wideband, 
interfuomctric PObRAD/POL-SAWPOL-SACT/POGISAR data fusion 
problems of developing 'Optimal PdUimetric h n y c  Future ErtrrtiW: 
OPIFE' Algorithms togdher with joygtick manipulated 'Optimal Multi- 
dimcnriwd vlud Image Display: OMVDIP' modes for the express 
purpose of developing ' d f u w c c t i n g  target acquisition nperaton' which 
can be impkmntcd into 'intelligent, automated yolon'. 

6. Dewlopmeat of CATULTBLPOGsARImg Interferowtly: 

With the recent amznt of high pmcision dearollle navigdwd 
Qdr much as DGPS @ i t i a l  Global Positioning System), PINS 
-on Ioatial Navigation System), AMCS (Automatic Motion 
Compasation System) technology, it is now possible to pchieve highly stable 
 don^ *rnc and space imagery wilh passive and aaive 
SCII~QTS. TI"?, mt only will we be able to lccover high precision 
stationary (snapskt cohemt) imaga bul high resolution interferomeuic 
imagery can now be realized, i.e., dilkrential small wide area spatial as well 
as shoit-to-long duration temporal changes can be "ered. In addition to 
'CWAlon~Trrrk Infllgbt (CATI)' interferometry for impwing acmacy 
of alticudavlongitudalJIudinal targeclsurface Coordinat~ ala0 repeal- 
vaclr (airrrrft)ohit (S~BCCERR) Long Temporal BSEC Line (LTBL) image 
interferometry can now be achieved wilh precision time cwrclation of the 
order of "sea ids  and image interfcromdry at millimeter Bccuracies 
provided ncent amgnceS of spread-spectrum (ethnology is iniplcmented in 
the DGPS/PINS/AMCS systems as being plrsued vigorously at 

Therefore, it has now become possible to determine minute changes 
in surfaa/ suhdace defwmation for the purpow ofthe DRI of buried 
objeas (e.g. bunkers, arms cacbes, mioefidds) 01 of tectonically strrssed 
regions during an entire certbqualre episode. In ordcr to obrrve any 

P O W  rquisitroa with d"u flight patb cnordin8tc alignment 
(with either h o h a  or vertical polututk.  c b d  0rk.trtiOll) ia 

NAWCADWAR, code 5024MRaD- 30) [I6]. 

urfre skewing ("), complete pd.riactrie (mttering mu*) 

reqmirrb Thus, ample opportunititsurist in turther advaocing the PMIF 
dgoritb to indude futl dynsmic scsnc hendling Cnpdilities. 

7. conclwinns and Rew"d.tiw: 
A cwrprebcnsive Werview of Wideband Interferometrie Seauing 

Md h8ghg PdMmdry' w88 presearted togdher wilh a structured 
i&ntikdon of various u d a l  unresolved p d h n s .  Bascd on these 
mliculous diligent analyses of radar polarime(ry. vtry clear lndhoda of 
sobtion (ANSAW) arc pmided. F i  basic pohimetrk radar cbeory 
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andmetro~medstobepe15xted and the last hurdlcs mud benmovtdas 
pmposd Second step. various vedor 'c radar invurc 
scanaiag tbcorics ofmon complicplal shapes need be solved in order lo 
furlbcr perfect the PMSF/PMIF algorithms by simullaneous of 
the OPCEUOPIFE cancep(s. le Third skp, it il PropOEed to rapidly 
develop Spnad-Specvum improved. DGPSauppolial CATI-LTBG 
MBNWB-POL-SAR Image InIcrfuom(ry, which has become f d b k  for 
nptetorbit shuttldsatellite operations and can be Wved also for airborne 
repeat- Ovanights in the llcprcc iiitum. Baaust of the lrrmcodwr 
impad WIP' bas on fiulher p e r k h g  'Daymight Ugh Radutlol, Wide 
Area Sumllluac o f t k  Tenwtrirl and P l w t . y  Coved, mom funding 
support for all R&D tesms h h d  in these timdy eEofts il requested 
nationally, internWO . w,and-. 
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