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ABSTRACT Metasurface design methods typically follow a two-stage approach based on the (surface)
Impedance Boundary Condition (IBC) approximation of the macroscopic behaviour of the metasurface.
In the first step, the surface impedance profile is optimized to meet the specifications; then, unit-cells are
designed to reproduce the impedance profile. Usually, the metasurface geometry is considered continuous
and the (equivalent) current can flow everywhere on the surface. In this contribution, we investigate on the
impact of the discretization of the optimization domain, and its decomposition to conform to the actual
size of the unit-cells in the context of a deterministic current-based optimization method. It is shown that
information on the unit-cell size can guarantee better agreement between the resulting IBC and the actual
realization with physical unit-cells. Also, optimization convergence is notably faster.

INDEX TERMS Antenna synthesis, impedance boundary condition (IBC), metasurface antennas, method

of moments (MoM).

. INTRODUCTION

N THE last decade, the use of metasurfaces has seen a rise

in popularity for the realization of a wide range of devices:
antennas, lenses, polarizers, reflect- and transmit-arrays.

Real-life metasurfaces are electrically large, and composed
of tens of thousands of sub-wavelength radiating elements
printed on a dielectric substrate; this would make a direct
global design of the individual cells exceedingly challenging
with current computational resources. For this reason, the
most successful design approach follows a two-step hierar-
chical procedure. Firstly, the macroscopic behavior of the
metasurface is modeled as an infinitely thin layer on which
an appropriate boundary condition (depending on design
parameters) is imposed, which makes analysis and design
a computationally affordable task. Then, once the proper
distribution of boundary condition parameters is found, the
surface is synthesized by realizing suitable sub-wavelength
scatterers (usually described by a set of geometrical param-
eters) that implement the sought-for boundary condition at
the macroscopic scale.

The chosen boundary condition varies depending on the
properties exhibited by the artificial surface, and on the
specific application. In the most general case, the surface can
be modeled with a Generalized Sheet Transition Condition
(GSTC) [1] or as a Bianisotropic Metasurface (BMS) [2],
which encompass magneto-electric coupling at the interface
and are suitable to model transmission properties through
a surface (e.g., transmitarrays, metalenses, and Huygens’
metasurfaces). If only electric coupling is of interest, a
simpler but effective model is to consider the metasurface
as an Impedance Boundary Condition (IBC) layer. The
latter represents the most suitable model in the context
of modulated metasurface antennas, in which a surface
wave excites the structure and radiation arises from leaky-
wave phenomena, and will be the focus of the present
work.

The macroscopic design of the IBC profile carries most
of the total computational cost: for this reason, different
methods have been proposed. For the sake of compactness,
we focus here on methods that formulate the design instance
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in terms of the equivalent surface current, either exclusively
or partially; they subsequently recover the sought-for surface
impedance from the optimal current distribution. In partic-
ular, 2D methods target geometries that have one invariant
axis, allowing a stark reduction in the problem size. Among
these, [3] optimizes both the current and the impedance at
the same time, with alternating-type optimization; [4], [5]
directly enforce the losslessness condition, considering a
transmission-type problem. In [6], a multi-layer problem is
considered, with an integral equation modeling and pattern-
matching requirements. Lastly, of particular interest is the
approach first proposed in [7], [8], where the inclusion of
surface-waves, which transfer power bound to the surface,
allows to achieve passive and lossless beamforming. In [9],
fields and currents are expanded in Floquet waves and
a proper matching procedure ensures a passive lossless
impedance for efficient space- to surface-wave conversion
and beamforming.

3D methods, on the other hand, address the design of
realistic geometries in space, and are therefore more demand-
ing from the computational point of view. In [10], [11],
the authors employ entire-domain basis functions defined on
circular and elliptical domains for an efficient solution of
the inverse problem, given the objective field in amplitude
and phase; they effectively transferred to 3D the surface-
wave power balance approach introduced in [7]. In [12]
non-radiating surface currents are used to enforce passivity
and losslessness in the closely-related design of reflectarrays.
A fully automated procedure has been introduced in [13]; it
is applicable to arbitrarily shaped surfaces, allows mask-type
field constraints, and realization bounds on the IBC values.
It was extended in [14] to accommodate for accurate feed
modeling.

In this work, we present a method to improve current-
based metasurface design by exploiting the intrinsic discrete
nature of the surface impedance, which involves local
averages of tangential electric and magnetic fields. The
proposed approach draws inspiration from the 2D method
presented in [15], for the design of reflectarrays, and in [16]
by the same author for the general case of composite
metasurfaces. Here, in a similar vein, with the aim to improve
the modeling of the physical problem at the macroscopic
scale, the surface is partitioned into small electrically isolated
subdomains (unit-cells) that capture the local behavior of the
current. This is in contrast with existing 3D current-based
methods [10], [13], where the current is assumed to flow
continuously across the surface, with no a priori information
about the discrete nature of the underlying lattice in the IBC
model used for the design. While the method and findings
are general and can be directly applied to any current-based
design procedure, in the following we employ the algorithm
in [13], that allows to efficiently handle electrically large
antennas.

We will present results for two different approaches
for the domain decomposition, with comparison to the
corresponding continuous current design, showing that the
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FIGURE 1. Layout of a circular metasurface antenna: (a) 3D layout view,
(b) cross-section.

presented cell-aware approach leads to better final results and
faster convergence. To the best of the authors’ knowledge
the approach and results have never been presented in the
literature.

Il. BACKGROUND

A. METASURFACE MODELING

We consider here the case of planar metal texture layers
(usually composed of patches), embedded in a dielectric
stratification (Fig. 1(a)); while the structure could be compli-
cated (e.g., multiple metalization layers), in the following we
will consider the simple case of a single, grounded dielectric
layer with a printed metasurface on top of it. The cross
section is shown in Fig. 1(b). We will use the following
terminology: unit-cell refers to the unit surface domain of
the periodic lattice (usually square, but in general can also
be hexagonal) on which the patterning is based, while patch
indicates the chosen printed conducting shape inside each
cell (in this work we will consider a simple square shape,
but it can be any two-dimensional shape fitting inside the
cell).

The metasurface fine structure (unit-cell level) is approxi-
mated via the Impedance Boundary Condition (IBC), which
entails dealing with local averages of fields in the meta-
surface plane [1], [17], [18]. In particular, we will employ
the so-called “transparent” version of the IBC [19] that has
been shown to be more stable and better represent the spatial
dispersion of the layered medium. With this approximation,
the unit-cell texturing is represented as an infinitesimally
thin IBC layer, which establishes a linear relationship
between the average tangential electric field across the
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surface and the (averaged) jump in the tangential magnetic
field:

Ew=Z [ax (H"—H)], (1)
where Z is the local surface impedance, which (typically)
varies on the surface, and in general exhibits tensor proper-
ties. The magnetic field on the two sides of the surface is
denoted as H* and the unit vector i normal to the surface
is directed toward the “4” side. In this contribution we will
assume the impedance to be scalar, i.e., Z = ZI. The use of
scalar or tensor impedance impacts the design algorithm, but
not the findings of this study. Under the scalar impedance
assumption, (1) can be rewritten as:

Eun =21, 2
having defined the equivalent surface current,
J=nxH"—H"). 3)

Enforcement of the IBC leads to the Electric Field Integral
Equation (EFIE-IBC),

Eine + L] = ZJ. 0)

where Ej,. is the incident source field and L is the Electric
Field Integral Operator for the layered medium.

The EFIE-IBC is discretized via the standard Method
of Moments based on a triangular mesh of the antenna
surface and on the use of Rao-Wilton-Glisson (RWG) basis
functions [20] for representing the surface current,

N
J@) =Y LAm. ®)
n=1
Use of Galerkin testing leads to the linear system
Vine + LI = ZI, (6)

with the array | containing the RWG coefficients and the
other quantities defined as

(Vinc)m = <Am»Einc>’ (7)
(L) = (Ams LAn), 3
(Z)mn = <AI’rZs ZAn)v (9)
where the bilinear form is defined as
(a,b)://a-de. (10)
S

B. CURRENT-BASED OPTIMIZATION ALGORITHM

The current-based design method used in the present work
is the one described in [13], [14]. Once the geometry of
the surface and the source have been defined, the design
problem is formulated as the unconstrained minimization of
a non-convex objective function. This function is defined as
the sum of realizability and radiation constraints, defined
locally over the surface and on a grid of points in the
far field, respectively. All the constraint functionals are
rearranged in such a way that they are explicitly dependent

on the current only. Then a Non-Linear Conjugate Gradient
(NLCG) algorithm is used to minimize the resulting objective
function:

I* = arg min(f. (1) + fraa (1)),
leCN

Y

where I* is the array of the optimized current coefficients.
The definition of the individual terms of functions f;, and
Jfrad 1s given in App. A (more details can be found in [13]).
The method features an efficient gradient evaluation by
exploiting fast matrix-vector product routines designed for
electromagnetic analysis. Additionally, it employs a global
piecewise polynomial line-search, enabling the practical
design of large-scale antennas.

lll. IMPEDANCE AND GRANULARITY

A. SURFACE IMPEDANCE

The IBC approximation summarized in Section II-A implies
an averaging of the involved tangential fields along the
metasurface. The homogenizing, spatially averaging nature
of the surface impedance is defined in several ways in the
literature [1], [17], [18].

Here, we will address the averaging process starting from
the EFIE-IBC (6), that constitutes the model equation for
metasurface design; in particular, we will adopt the perspec-
tive of current-based methods (described in Section II-B).
In all these methods, the impedance is derived (only) at the
end of the optimization process, when a suitable surface
current has been obtained, via the EFIE-IBC (6). Unlike in
the analysis problem, where Z is assigned and J is unknown,
in this case J is considered known (as the result of the
optimization process), and Z is to be found.

In [13], the impedance retrieval was outlined in a general
setting, that will be repeated here for ease of reference. By
representing the spatial variation of the impedance Z(r) via
a set of chosen expansion functions ¢ (r),

L
Zr,c) =) coyu(r), (12)
=1

where L is the total number of functions considered. The

coefficients ¢, can be found by enforcing that they minimize
the L2-norm error of the IBC boundary condition (2), i.e.,

¢ = argmin||Ewn — Z(©) J|I*. (13)

ceCL
where the dependence on the position has been omitted
for clarity. For the most relevant case of piecewise-constant
impedance the expansion functions 1, are defined as

Yelr) = {(1) e s (14)

, otherwise

where the domains Sy of each expansion function are disjoint.
By substituting the expansion (12) with the choice (14)
inside (13), the function to minimize is convex with respect
to the impedance coefficients. By setting to zero its first
derivative with respect to the real and imaginary part of the
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(a)

domain (Section IV-A); (b) D in de position — unit-cell d

unit-cell boundaries (Section 1V-B), where the red lines indicate electrical isolation; (c) Domain decomposition — separated dq

gap between neighboring domains (Section IV-C).

coefficients, we arrive at the analytic solution for the optimal
impedance coefficients:

~ (Etan »J* )S(
Ce=—"—77
1%,

where the subscript Sy indicates that the inner product
integration is over the ¢-th domain.

In [13] the domains S; were chosen to coincide with the
mesh triangles, resulting in a finely varying impedance. In
view of the present endeavor, we assume the impedance to
be constant over each unit-cell, consistent with its physical
averaged nature. Namely, the domains S; correspond to the
unit-cells of the metasurface, as will be detailed in the next
section.

, 15)

B. CELL-BASED DOMAIN DECOMPOSITION

The conventional application of the EFIE-IBC model (4)
implies the flow of (equivalent) surface current J across
the entire 2D domain, with the effect of disjoint conductive
elements (metal patches) modeled as a continuum of (purely
reactive) surface impedance. An alternative view of the
model arises by considering the unit-cells as disjoint,
preventing the flow of current across neighboring cells; this
alternative view was introduced in [15] for 1D problems and
generalized to 2D problems in [16].

Here, we will compare the two models and consider
different embodiments of the latter approach. Using common
terminology in computational electromagnetics, we will refer
to this approach as “Domain Decomposition” (DD), and
introduce the term “Cell-based Domain Decomposition” to
emphasize that the sub-domains are physically associated
with the unit-cells.

Within the current-based inverse-design strategy adopted
here, the cell-based DD approach relaxes the constraints on
the impedance profile, accommodating rapid variations that
would otherwise hinder the convergence of the numerical
solution. Consequently, the choice of isolated cells ensures
that the inverse-design problem is better conditioned under
physically realistic constraints, resulting in faster conver-
gence and more robust solutions.

FIGURE 2. Different discretization options considered: (a) Continuous — the discretization conforms to the unit-cell boundaries, and the current is free to flow in the whole

— the discretization conforms to the unit-cell boundaries, but the current is not allowed to flow across

- the discreti on accounts for a physical

The simplest way to implement the DD model is to con-
sider completely disjoint subdomains within each unit-cell,
separated by the minimum distance between metal elements,
usually dictated by the tolerances of the manufacturing
process; this is seen, for example, in Fig. 2(c). A less obvious
approach is indicated in Fig. 2(b); the mesh is first defined
to conform to the unit-cell (on a square lattice in our case).
Next, the RWG basis functions that cross the boundaries
between adjacent cells are removed, thus preventing the flow
of currents in a manner analogous to meshing physically
disjoint sub-domains.

For reference, we will also show results for the case of
a classical continuous mesh (Fig.2(a)). To summarize, the
discretization options that we will consider are depicted in
Fig. 2:

(a) Continuous: the mesh conforms to the unit-cells, and
the current can flow everywhere across the surface;

(b) Domain decomposition — unit-cell domains: the mesh
conforms to the unit-cells, and the current is prevented
to cross unit-cell boundaries, which are touching;

(¢) Domain decomposition — separated domains: the
meshed domains are physically separated by a small gap
(chosen equal to the minimum manufacturing tolerance
of the employed technology).

C. UNIT-CELL PATCH DESIGN
The patch design for each unit-cell, as is common practice,
will be based on a local periodicity approximation to
compute the corresponding impedance value [21]. We will
consider a square lattice with periodicity 4, consistent with
the grid used in the inverse-design. The candidate patch
geometries have a pre-defined geometry defined in terms
of a small set of parameters (see Fig. 3 for the case with
square patches); in the scalar case only one such parameter
is necessary (e.g., the side length L of a square patch).
Once the desired impedance (reactance) values for each
unit-cell is determined through the macroscopic inverse-
design step, the corresponding patch geometry is selected
from a precomputed database to best match the target
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FIGURE 3. Example of a metasurface layout with square patches of varying size.
Dashed lines mark the boundaries of the lattice unit-cells. We notice that, for
illustration purposes, the figure shows a square lattice with square patches, although
the shape of the patches is arbitrary and is not restricted to squares.

| |

400 | | | | | | | |
05 055 0.6 065 0.7 0.75 0.8 0.85 0.9 0.95

L/h

FIGURE 4. Square patch database used in this work: the relationship between the
square side length and the corresponding impedance is obtained from scattering
simulations with periodic approximation, through a parameter sweep over the square
side length L. The lattice period is h = 1/6 at a frequency f = 23 GHz.

impedance. In the case of square patches, this is simply
obtained by inverting the relationship in Fig. 4, which con-
nects the side length of the square patch to the corresponding
impedance. The impedance values were obtained with a
periodic solver and a parameter sweep over the square patch
side length.

IV. APPLICATION TO CIRCULAR MTS ANTENNA DESIGN
The proposed Domain Decomposition (DD) approach has
been verified by carrying out the design of a circular
metasurface antenna, from the current-based inverse design
to the final layout of the patches. We consider square patches
for the synthesis of the impedance. For this purpose, we
employed a database built with an in-house code with lattice

periodicity & = A /6 and a parameter sweep varying from L =
h/2 to L = h—tol, where tol = 100m takes into account the
fabrication tolerances. We chose an operational frequency of
23 GHz, for an antenna of diameter d = 156.4 mm ~ 12,
placed on a grounded dielectric slab with ¢ = 3.34 and
thickness 27 = 0.508 mm. The mesh size used for all the
presented cases is &~ MAg/12. The antenna is excited by a
central vertical pin radiating a cylindrical TMy surface wave.

The bounds on the reactance in the current-based design
have been set, respectively to the minimum and maximum
value of impedance of the unit-cells database (Fig. 4), which
correspond to capacitive values. Consistent with the chosen
square patches, that exhibit a scalar impedance behaviour,
we require the impedance to be scalar. As customary, we also
imposed local losslessness. The objective was to synthesize
a circularly polarized pencil beam radiation pattern, with
gain maximization in the main beam and side-lobes level
below —20 dB. The definitions of the corresponding terms
in the objective function are given in App. A. For this design
instance, we considered the three discretization strategies
outlined in Section III-B. For the iterative optimization, the
maximum number of iterations in all cases was set to 1000.

After the optimization of the current, the impedance for
each unit-cell is retrieved as explained in (15) and any
residual real part of the impedance, if present, is set to
zero. Additionally, unit cells with very low average current
magnitudes (i.e., below 1% of the global average) are
modeled as open-circuit conditions in impedance terms. In
such cases, no patch is placed in the corresponding unit-cell.

For each discretization, we will compare the radiation
patterns of the inverse-designed current (labeled optimized),
of the solution of the corresponding integral equation with
the retrieved impedance (EFIE-IBC), and of the solution of
the final layout with patches (patches).

A. CASE (A): CONTINUOUS

The first case involves a classical, continuous mesh conform-
ing to the underlying unit-cell lattice. The resulting domain
consists of 4044 unit-cells, meshed with a mesh size of
~ Ao/12, for a total number of RWG N = 84 620.

The designed impedance distribution has reactance values
between —163j2 and —114jQ (Fig. 5(a)), as well as the
radiation patterns, shown in Fig. 6. The maximum directivity
is D = 30.4 dB for the optimized current distribution,
D = 26 dB after the reconstruction of the impedance and
D = 25.5 dB for the final design, respectively. The aperture
efficiency follows the same trend, being 78%, 28% and 25%,
respectively for the three cases.

B. CASE (B): DOMAIN DECOMPOSITION—UNIT-CELL
DOMAINS

While the first case followed the classical MTS design
approach, in which the current is free to flow all over the
surface, in this second case we isolate the unit-cells by
removing the basis functions across their boundaries. To
allow a direct comparison of the results with the previous
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FIGURE 5. Contii design: (a) optimized impedance profile (white areas FIGURE 7. Domain Decomposition - unit-cell domains design: (a) optimized

correspond to an open circuit condition), (b) final patch layout.
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FIGURE 6. Continuous design: far-field co-polarization directivity comparison in the
plane cut ¢ = 0°. Optimized current (blue dotted), direct EFIE-IBC solution (red
dashed) and final layout with square patches (black solid).

cases, we used the same mesh as in Section IV-A. With
the discontinuity of the subdomains, the total number of
RWG functions is N = 68 748, with a 23% reduction in the
number of unknowns with respect to the continuous case of
the previous section.

impedance profile (white areas correspond to an open circuit condition), (b) final
patch layout.

In this case the reactance values lie between —285j$2 and
—118j2 (Fig. 7(a)). The computational time per iteration
is 5s. Compared to the continuous design, the cell-level
impedance granularity introduces a significant reduction in
the optimized directivity pattern in Fig. 8, with a directivity
at broadside of D = 26 dB. However, in this case the EFIE-
IBC and the final layout patterns closely match the optimized
one, with a maximum directivity of D = 26.1 dB and D =
25.7 dB, respectively, corresponding to aperture efficiency
values respectively of 28%, 28.1% and 27.8%. This shows
a noticeable increase in the reliability and robustness of
the optimization process when the domain decomposition is
introduced.

C. CASE (C): DOMAIN DECOMPOSITION—SEPARATED
DOMAINS

The last case is an extension of the concept of domain
decomposition that takes into account the presence of a
physical gap between adjacent unit-cells (typical of the final
layout with patches) directly in the current optimization
phase. We remark that this gap is not related to the
final layout with different patch shapes, but is a constant
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FIGURE 8. D in D position — unit-cell domains design: far-field

co-polarization directivity comparison in the plane cut ¢ = 0°. Optimized current (blue
dotted), direct EFIE-IBC solution (red dashed) and final layout with square patches
(black solid).

separation that models the minimum physical separation
between each unit-cell radiating surface (i.e., where current
is potentially allowed to flow). In this case, the gap was
chosen as 100um, consistent with the fabrication tolerances
of printed circuit technology. The total number of RWG
functions is the same as in the previous case, since the total
number of triangles is the same. Also the computational time
is the same as before.

In this case the reactance values lie between —264 j2 and
—118j€2 (Fig. 9(a)), corresponding to patches in the database
with L/h in the range of 0.79-0.95 (Fig. 4). Similarly to
the previous case with unit-cell domains, the directivity
is practically the same for the optimized current and the
EFIE-IBC and final layout, with values of D = 25.7 dB,
D = 26 dB and D = 25.7 dB, respectively (Fig.10). The
corresponding aperture efficiencies are 27.8%, 28% and
27.8%.

D. DISCUSSION

From the presented results—particularly the comparison
between the optimized radiation patterns and those obtained
from the impedance solution and final patch layout—it
can be concluded that the Domain Decomposition approach
provides significant improvements in both the accuracy and
the convergence rate of the inverse-design procedure.

By incorporating information on the unit-cell isolated
structure directly into the current optimization problem, it is
able to provide a more accurate estimation of the achievable
radiation performance after unit-cell implementation.

This additional information leads to a reduction in the
effective number of degrees of freedom, which improves
the numerical conditioning of the current and impedance
solutions. As a consequence, the convergence rate is also
greatly improved (Fig. 11): indeed, after only 50 iterations
the optimized solution already provides an extremely precise
estimation of the final antenna performances.

-120

140

-160

-180

-200

Im(2) [2]

-220

-240

-260

(b)

FIGURE 9. Domain Decomposition — separated domains design: (a) optimized
impedance profile (white areas correspond to an open circuit condition), (b) final
patch layout.
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o —— Patches
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a :
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A TR

—40 -20 O

Theta (deg)

FIGURE 10. Domain Decomposition — separated domains design: far-field
co-polarization directivity comparison in the plane cut ¢ = 0°. Optimized current (blue
dotted), direct EFIE-IBC solution (red dashed) and final layout with square patches
(black solid).

Finally, the introduction of a physical gap between
separated domains does not appear to improve the results
significantly with respect to simple unit-cell DD. As such,
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FIGURE 11. Convergence rate for each discretization approach: continuous
(squares), DD with unit-cell domains (circles), and DD with separated domains and a
physical gap of 100um (triangles).

it looks like the electrical isolation obtained by removing
basis functions across cells boundaries is enough to guarantee
sufficient robustness.

V. CONCLUSION

We have presented a benchmark between the usual current-
based metasurface design, where the optimization domain is
unaware of the underlying structure of the unit-cell lattice,
and a new approach based on a unit-cell partitioning of
the domain. Continuous and isolated square unit-cells have
been considered for the design of a circular metasurface
antenna. Square patches were chosen for the synthesis of
the impedance.

The proposed domain-decomposition approach offers
greater reliability, allowing better assessment of the achiev-
able performances after the current optimization phase,
compared to the classical continuous approach. Moreover,
convergence is faster thanks to the better conditioning
achieved by the reduced number of degrees of freedom for
the current.

APPENDIX A

OBJECTIVE FUNCTION FOR CURRENT OPTIMIZATION
The objective function for the current-based optimization is
composed of two terms: the realizability and radiated field
functionals. In the following, we will summarize definition
for both these terms.

The realizability cost function for the IBC includes the
conditions of passivity and losslessness (“act”), scalarity
(“scal”), and upper/lower impedance bounds (‘“imp”):

frlz _ Wactpact + scalpscal + Wimppimp_ (16)

Each of these functionals in turn is expressed as a sum of
local functionals defined over individual cells,

a7

These local functionals are defined as follows:

dCt _ 7312’ (18)
scal =&J — ( + Qi2), (19)
pgmp =X Ji— Q) +17(Qi—XuJ),  (20)

where r(x) = max(x, 0), Xp and Xy denote the lower and
upper bounds on the realizable reactance values, respectively,

and

Pi = i]RC/:/\ Etan .]>k dS, (21)
Ai S;
1

0= L / / Eun-J* dS, 22)
Ai S;
1

7=1 / / JI2 ds, 23
T 3,»| | (23)
1

&=, f f |Etanl” dS, 24)

i S;

where A; is the surface area of the i-th cell, J is the surface
equivalent current and E,, is the total electric field tangential
to the antenna surface.

Likewise, the radiated field cost functional is defined as
(25)

f q= Wcopco + WCX,OCX + Wtotptot
ra
where “co” and “cx” refer to co- and cross-polarization,
respectively, and “tot” to the total magnitude of the radiated
field. Each of these functionals is given by the sum of terms
over all considered far field directions:

Ngr

= N Z pjs

with the index j = 1,...,fo representing the far field
direction (6;, ¢;). Below are the definitions of each term:

(26)

o =M - F°) + 2 (F° = M), @D)
ot = (= M), (28)
p;()t ) ( F}ot . ]‘4;01)’ (29)
with
CO 0 2
1= |5 (30)
2
cX __ |pc
i = [ G
Ftot _ ECO 2 + ECX 2 (32)
VA 7

where Ef" and E]?x are the co- and cross-polarization
components of the far electric field in the j-th direction.
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