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» Popular in antenna design [CF+07] and evaluated using
> MoM (here EFIE) impedance matrix, Z = R + jX,
formulation [HM71]

XI, = \,RI, < ZI,=(1+j\,)RL, =t 'RI,

» Spherical-wave scattering with transition matrices
Tf, = t,f, [GT71; Gus+22a] used in MoM, FEM

> Plane-wave scattering with scattering dyadics
[S(#,#) F,(#')d2 = t,, F,,() used in MoM, FEM, and
FDTD [Cap+23]
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> scattering matrix S eigenvalues s, = 1 + 2t,, with s, = eifn

> transition matrix T = (S — 1)/2 eigenvalues ¢,, with o, = arg(t,,) € [n/2, 31/2]

» characteristic numbers \,, = —%, n = 2arctan(\ 1), a,, = © — arctan(\,,)

» Modal significance |t,,| = \/117

Many equivalent representations for CM
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Antenna ground planes and substructures

» Common to design antennas close to (or in direct contact)
with a ground plane (or proximity object), e.g., patch and
mobile phone antennas

» Assume a design region ({25 or {2.) and a ground plane
(R2q, 20 or )

» Excitation V. in the antenna region and induced currents
Iy on the ground plane

i wl )= V]
ZOC ZOO I Ve
» Elimination of the induced currents (block inversion, Schur  Note: decompositions
—1
complement) Ip = —Z Zocle, e.g., based on basis function
> Numerical Green's function [PRSM77] (DoF) can require a

> MoM GA optimization [JRS99]

> Substructure CM [EM12]
» DPhyciral haunde [GN131

2
Ve
L.

fine mesh to model
connected regions
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Substructure CM

» Reduced MoM system matrix

Z1. = RI. + XL, = (Zee — ZeoZyi Zoe)Ie = Ve

» Substructure CM from the generalized eigenvalue
problem [EM12]

KT, = \RL, or ZI, — (1 + AR,

» Natural to consider (2. as a controllable regions, i.e., a
region for antenna design and excitation

» () is an uncontrollable background region (material), e.g.,
a ground plane without antenna ports

What is the corresponding scattering formulation for substruc-
ture CM? J

J. Ethier and D. McNamara. “Sub-structure characteristic mode concept for antenna shape synthesis”. Electronics letters 48.9 (2012), p. 1
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Scattering formulation for substructure CM

» Scattering matrices
> S, for the background (uncontrollable region)

‘_rz,g‘"
. 4
> S for the composite (total) structure }L‘ "s

» Scattering based substructure CM from
Sa,, = s,Soa,

a,, are characteristic excitations (alla, = d,,,) and s, Prr%@
Y

characteristic scattering eigenvalues LL‘
9

Mats Gustafsson, Lund University, Sweden, 6



Scattering formulation for substructure CM

» Scattering matrices
> S, for the background (uncontrollable region)

J%@
. 4
> S for the composite (total) structure 1.)7_‘ "s

» Scattering based substructure CM from

Sa,, = s,Soa,

a,, are characteristic excitations (alla, = d,,,) and s, 'JJQ;”
characteristic scattering eigenvalues Vi
» The scattering eigenvalues s,, are related to modal ZTL)A

significance [t,,| and MoM substructure characteristic
eigenvalues \,, = eig(X,R) as ’

Sy, — 1 B S, + 1

tn = n2 and )\n:—lm{tnl}zjsz_l
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> Unitary scattering matrices (lossless)
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Y
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Interpretation scattering based substructure CM

» Scaling of the scattered field from the background
> Unitary scattering matrices (lossless)

e
Y
Lo
Sa, = s,Spa,, = SgSan = Span, ’

» The scattered fields can be expressed in transition matrices
(or scattering dyadics) S=2T + 1 and Sgp = 2Ty + 1

» Maximal scattering (difference between the scattered fields ’

1
i(soHs —1)a, = 2T{T + T§ + T)a, = t,a, Lk
S

of the composite object Ta,, and the background Tya,,)

(T — To)a,|* = al(TH Ty + THT — 2Re{THT})a,}
=— Re{ag(QTgIT—i-TgI—i—T)an} = —Re{t,}|an|? = [ta]*|an]?
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Proof outline

> factorizing the radiation matrix R = Re{Z} = UTU into spherical
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> reformulates the CM eigenvalue problem to
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Proof outline

> factorizing the radiation matrix R = Re{Z} = UTU into spherical
waves [Gus+22a] with U = [Uy U,] and setting

U = U, — UpZy; Zoc
> reformulates the CM eigenvalue problem to
71, = (14 j)\,)UNUL, = —UZ'UYE, = 4,1, (*)

where f, = —UL, and t,, = —1/(1 4+ jA\n)
» Transition matrices of the composite object {2 and background object (2; are
expressed in MoM system matrices

Zoo Zoc] ' [UY
—1y57T 00 0 —1y1T
T=-UZ'U =-[U, U] [Zco Z] [UST} To = —UyZy, Uy

» Block inversion shows that MoM matrix (*) and scattering based substructure
modes QTBIT + Tgl + T are equivalent
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Numerical example

1 T 1
d
0.8 h ",' 0.8 -
061 7 % 1 0.6 -
04 / Ll 0af
0.2| - —— - e g 0.2 - - - ]
« impedance formulation ¢ « impedance formulation Lot
—— scattering formulation —— scattering formulation _,W
0 0 S tiirrz?
0.5 1 1.5 2 2.5 0.5 1 1.5 2 2.5
f/ GHz f/ GHz

» (left) full structure (right) substructure
» Adapted from [EM12], £ = 120 mm, w = 60 mm, A = 15mm, d = 30 mm
» Negligible differences for such as a sheet resistance 0.01 /]
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Generalizations

Many possible generalizations: 2) b)
» Embedded structures
» Cavities ’
» Combination with ports ’
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