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~ Abstract—The physical limitations on time-harmonic scatter- freedom in tailoring the scattering by a receiving antetimere
ing processes are investigated on the basis of the opticaldbrem.  are also fundamental limitations. For instance, as empedsi
Previously derived least upper bounds on the total scatteng and by the optical theorem [10], [11], energy conservation isgo

absorption cross-sections are obtained from it in a straigtfor- the fact that ab fi i far-field int i
ward manner. In addition, it reveals a practical upper bound for e lac al absorption processes In 1ar-field Interastion

the bistatic cross-section when evaluated in any directianit is ~ inevitably must be accompanied by scattering. This inicins
proved further that the maximum upper bound of the bistatic  property limits the effective area of an antenna as a functio
cross-section occurs in the forward scattering direction ad that  of its visibility.> Moreover, even in the ideal limit of no mate-
the corresponding upper bound for the backscattering diretion rial dissipation, scattering processes encompass thesngt

is four times smaller than this maximum value. Metamateriat resistance (see. e 12 hich damps the excitation of
inspired electrically small antennas and scattering parttles that SIS (see, e.g., [12]), whi ps xcitat

approach these upper bounds are demonstrated. These exaregl the currents in the scatterer and, hence, ultimately lithies
numerically validate the derived upper bounds, as well as scattered power [12], [13].

illustrate the important physical principles underlying them. Motivated by these physical constraints, upper bounds on
Index Terms—Electromagnetic scattering, physical bounds, the powers extracted, scattered and absorbed from time-
antenna theory, electrically small antennas. harmonic fields by scatterers/receiving antennas have been
derived based on multipolar [7], [14], algebraic [13] anctait
. INTRODUCTION model [12] approaches. Yet another methodology is intreduc

Scattering or re-radiation processes in receiving antenrid this work to investigate the physical limitations on the
are of paramount importance from both fundamental arf§attering of time-harmonic fields. Specifically, it will be
technological points of view. The significance of their peop demonstrate_d that all previous bounds can be Qerlved_ u_qrect
ties and their consequent impact on applications was airedtPm the optical theorem (see, e.g., [10], [11]) in a strgdin
recognized in the seminal book [1], and the related clas§itnPle manner. This optical theorem-based approach also
papers on minimum scattering antennas [2], [3]. For inﬂan@nables th_e dgrlvatlon of novel upper bounds on the blsFatlc
these works established the fact that antennas with the sffeSS-section, i.e., the amount of power that can be rexedi
gain and radiation pattern can have significantly differeffi @ Specific direction. Note, however, that the derivatiah w
scattering properties (see, e.g., [1] p. 317). be restricted to obstacles illuminated by propagating glan

Taking advantage of the available degrees of freedom W&Ves. . .
either minimize or maximize the scattering by a receiving T"€seé bounds are particularly relevant from a practical
antenna is equally relevant. Minimizing the scattering; fotandpoint since, despite the fundamental interest in Ihe a
example, impacts the reduction of the overall radar cro$8'Ped and scattered powers, the bistatic cross-sectitireis
section [4], the mitigation of the blockage between neigfgiuantity of interest for most engineering systems. Noté tha
boring antennas [5], [6], and/or the avoidance of efﬁciené%hlle the extracted power can .be _|nd_|rec_tly measured throug
penalties in near-field wireless power transfer [7]. On tthep e forward scattering [15], discriminating between the ab
hand, maximizing the scattering is of interest for radasena SOTPtion and scattering contributions requires the rengrd
monitoring and/or imaging systems, passive RFID tags [d] aRf the scattered_ fields in all directions, whu_:h is selt_jom,_|f
architectural and health monitoring [9]. ever, truly feasible. In contrast, most sensing and imaging

Receiving antennas are not physically different from arySteéms illuminate their samples along a given directap,

other scatterer. In particular, while there is a certainrdegf and then measure the scattered field along a single dirg€tion
A natural choice is to measure the backscattering or redlecti
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scattered and total fields, respectively. The incident powe
density isS? = k; - S*. For a lossless receiving antenna, all

m
0
N:

. H of the absorption is identified with the power collected m it
b port. Thus, the absorption cross-section and the anterina ga
}»k‘ ; can be related in this idealized case by invoking recipyocit
H; (see, e.g., [18]) a& = 4moans, WhereG denotes the realized

antenna gain for the polarizatiagh and directionk;.
All of the aforementioned figures of merit describe the
Fig. 1. Geometry of the scattering problem: finite-size obg@nclosed within overall balance of powgrs involved II’_I thefca_tte”ng pmfble
the surfaced, illuminated by a plane-wave propagating along khadirection. BY contrast, the bistatic cross-sectiom; (r), is the usual
figure of merit to describe the amount of power scatteredgalon
a given directiorr. It is defined as follows [17]
minimize their scattering processes. In particular, itl voié N .
shown that forward-scattering receiving antennas aremapti ob (F) = Oseat Dscat (T) 6)
for maximizing the scattered and absorbed powers, as WgtereD,.,; () is the scattering directivity along the direction
as for the bistatic cross-section. Several electricalhalsm ¢ and is expressed as:
forward-scattering receiving antennas and scatteringcpes
that are based on metamaterial-inspired design concefls [1 s 9
are introduced to illustrate and to validate numericallgsth ~ p_ . (7) = lim 4W2L(r> = W%
outcomes. Moreover, the designs selected for this dismussi r—oo Pscat [ |F (x)|” a2
actually approach the upper bounds and thus reveal several o
the basic principles needed to optimize general designs. [1l. OPTICAL THEOREM AND ASSOCIATEDPHYSICAL
BouNDs

Il. GEOMETRY AND DEFINITIONS The optical theorem is a classical result that relates the
As a generic far-field scattering problem, consider a scatxtinction cross-section to the imaginary part of the faxva
terer illuminated by a time-harmonic plane-wave that is lirscattering amplitude that is co-polarized with the incideid
early polarized along the; direction and propagating along[10]
the orthogonak; direction (c.f., Fig.1). With the=/“! time S {gz. F (ﬁz)} 8)
convention, the incident electric field can be written atofes ™

()

; . kR It arises as a direct consequence of energy conservation, i.
E* (r) = @&;Eoe™ "™ @) the power extracted by a scatterer from the incident field
where &, is the wave number in the homogeneous regidRust be removed by means of destructive interference. This
outside the scatterer. The total electric field is given by tiextraction, in turn, requires a certain amount of the inatde
superposition of this incident field and the scattered fietd, field to be scattered into its direction of propagation. Tlthe

the field re-radiated by the scatterer, #&: = E* + E’. In imposition a certain scattered field enforces a correlaten
general, the scattered field can be of any form; it is a compléxeen the absorption and scattering processes, whose power
function of the properties of the scatterer. However, foitdin combine to yield the extracted power.

size objects, the scattered electric field in the far-zodeges ~ As demonstrated in [11], the following inequality can be
to a spherical wave of the form: derived by simply noting that the imaginary part of the right

ikor hand side of (8) is less than or equal to its absolute value:
e

lim E* (I') = E()

r—>00 07”

F (7) e —
. . . ) o Oext = Oabs T Oscat < \/_Dscat (kt) Oscat (9)

whereF (r) is the dimensionless (normalized to the incident 7T

field magnitude) far-field vector scattering pattern aldmydi- This inequality was employed extensively in [11] to investi

rectiont. The set of powers scattered, absorbed and extracgate the absorption efficiency of a receiving antenna, isual

by the scatterer, as well as their respective normalizedlfto defined asj.bs = Gabs/ (Tabs + Tscat ), @nd the limitations on

cross-sections are defined as follows (see, e.g., [17]) the gain of a receiving antenna as a function of this absmmpti
Prat efficiency. We have found that by manipulating Eqg.(22) in
Picat —# S*-n dA, Oscat = Giyg (3) [11], the limitation on the receiving antenna gain can be
A written in an elucidating manner as a function of its abgomt
Pops = — St ‘n dA7 Oabs = mebs (4) eﬁiCienCynabs:
A SiA? ~
Pt G < Dgcat (kt) 4Nabs (1 - nabs) (10)
Pexy = Paps + Pica, Oext = Givg (5) . . .
S'A Eq. (10) clearly illustrates how the antenna gain of a minimu
with n being the unit vector normal to the surfadewhich scattering (cloaked) sensor must be ultimately reducechwhe
encloses the scattere8! — %Re{E“ X (H“)*}, for u = its scattering is minimized. It also emphasizes how theivece

1, s, t, is the Poynting vector field associated with the incidenigg antenna’s ability to channel its scattering into thenfard
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direction, i.e., its forward directivityDg.a (E,-), increases the materials, it can also be stated that the gain in the reapivin
range of its achievable gain. mode is upper bounded by the directivity in the radiation
We also can demonstrate that the inequality (9) derived ihode. In direct contrast, Eq.(13) upper bounds the gain in
[11] can be manipulated to reproduce the upper bounds on the receiving mode by the scattering directivity in the fards
scattered and absorbed powers presented in [7], [12]-fL4]direction, i.e.,G < Dgcat(k;).
a simple manner for the restricted cases under consideratio The upper-bounds (11)-(12) emphasize how both absorption
here, i.e., when the incident electromagnetic field is a prognd scattering are limited by the ability of the obstacle to
agating plane wave. It also enables the derivation of nowgincentrate the scattered (re-radiated) field along theeiiim
bounds on the bistatic cross-section for individual obston of propagation of the incident field. Theoretically, theedi
angles. tivity in the forward direction,Dsc.t(k;), is unbounded even
In particular, it directly follows from Eqg.(9) that.... is for a finite-size scatterer. The same is true for the absorp-
maximized when the absorption cross-section is zegg,(= tion and scattering cross-sections [20]. However, thegersu
0). Physically, this conclusion is consistent with the fdwatt directive behaviors come at the cost of increasingly nagrow
dissipation losses would only damp the excitation of cumenbandwidths and significant sensitivity to fabrication taleces.
in the antenna. Thus, an upper bound on the scattering crd¥ste that the bounds (11)-(12) have been established for a
section can be derived simply by taking the lossless cagerely time-harmonic (single frequency) incident field. &vh

(0abs = 0) in (9) and reorganizing the terms to obtain: integrated over all frequencies, the resulting total abon
1 = and scattering cross-sections must be consistent with thei
Oucat < = Dacat (K (11) bounds as derived in [21]-[26].

| der t imize the ab i " bgbrb Alternatively, one might wonder how one could attain a
n order 1o maximize the absorplion Cross-section (f‘l r ﬁarticular scattering cross-section behavior from one orem
power), it is sufficient to move.,; to the right hand side of

L ) canonical responses of the scatterer. For example, when con
(9), take denvg tives with r_espect tcat, and set the result sidering the response of a scatterer to the excitation ofoone
to zero. In this manner, it follows thaloaps/doscas = 0 )00 spherical harmonics, it has been shown that eachielectr
is achieved whewce, = Dscat(ki)/,(47r)' Altgrnanvely, the or magnetic multipole of ordern increases the maximum
upper pound Of7abs can be obtained by introducing thedirectivity by a factom+% [27], [28]. Equivalently, it can be
inequality of geometric Meanstups + Oscar = 2y/TabsOseats  giated that if one can excite electric and magnetic mukipol
into (9) and then cancelling out the..; terms. In either case, ,itnin a scatterer up to a maximum ord@¥, its response

it is found that the absorption cross section is upper bodnd . L =~ .
by P PP features a maximal directivitypmax (k; ) = N2 4+ 2N. It is
also worth noting that substituting this maximal diredininto

1 ~
Tabs < A Dsca (ki) (12) (11)-(12), one finds that these inequalities are equivatetite
It is worth noting that the absorption and scattering crosdPPer bounds on the extracted and scattered powers ingdduc
sections are equak,i. — 0w, When the absorption cross-" [7], [12]-[14]. Thus, the upper bounds presented in those
section is maximized, i.e., whem,,, — D~cat(ﬂ~)/(477)- articles can be independently derived from the inequality
This condition can be intuitively understood as a conjugat@) Presented in [11], which is a direct consequence of the
matching condition when the scattering problem is reprmbnOPt'Ca| theorem, in a strikingly simple manner. However, to
by equivalent circuit models [12], [13], [18]. re-emphasize, this simpler derivation is restricted tadeuwt
Equivalently to Eq.(12), it can be stated that the maximip!ds consisting of propagating plane-waves. Despite this
gain of a lossless (except into the port) receiving antelsna“m'tat'on’ the present demonstration does not assume an

smaller than or equal to the forward-scattering diregtjiie., invertible polarizability matrix. Therefore, it holds fahe

N singular cases of scattering particles, i.e., for a particving
Glossless < Dgcat (kz) (13) a non-invertible polarizability matrix. These singularsea

] ) . were excluded from the algebraic demonstration presewoted f
Note that this statement is conceptually different from thga extracted and scattered powers in [13].

well-known fact that the gain of an antenna is always smaller 5-a the limits on the integrated scattering responses, i.e

than or equal to its radiation directivity, i.e., since byidgion, i 5se which were obtained by integrating overtadlirections,

G = efficiency X Drad, On€ hasG < Dyaq. To understand p4ye heen analyzed, one might wonder how large the scagterin
this fact, it is important to distinguish between the raot ., 5 specific direction can be. At first sight, one might

Draq, and scatteringlscat, directivities. The former describes ,ncjyde that in order to maximize the scattering along argiv
the directivity associated with the fields generated when @ftection 7, the scattering pattern should be as directive as
antenna is fed at its ports, i.e., its radiation mode [18]e beossible for that direction. However, by introducing (1ao

latter is the directivity associated with the fields re-eddd (6), the following upper bound on the bistatic cross-sectio
(scattered) by the antenna in its receiving mode, e.g., wh@gﬁ be derived

the antenna is illuminated by an external plane-wave [11].

Note that the current distributions excited in the radia@émd o, () < 1 Dycat (F) Dcat (ﬁt) (14)
receiving modes are in general different [19], which in turn @

leads to the different radiation and scattering diregésgitin Eq. (14) illustrates that in order to maximize the bistatic
a similar manner, if the antenna is composed of reciproaalbss-section, it is necessary instead to design a saattere
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with two directive beams: one pointing towards the desirextattering processes. Thus, they are invaluable when omis wa
direction,r, and another one pointing along the direction db identify strategies for the design of scatterers/réngiv
propagation of the incident field;. This constraint imposes antennas that might approach them. Specifically, theseruppe
severe limitations on the achievable bistatic cross-sesti bounds suggest that a scatterer/receiving antenna the¢gon
This is particularly true for electrically small particlefor trates its scattering into the forward direction is optinal
which obtaining two simultaneous directive beams is a vergaximize the received power (12); the visibility, i.e., hahe
challenging task. Bearing in mind this limitation, the naim overall scattering cross-section (11) and the scatteringse
ized bistatic cross-section is maximized when= k;, i.e., section in a specific direction (14); and the performance as
when the direction of incidence and the measurement directia cloaked sensor (10). Under this perspective, we discess th
are equal. In such a case, the upper bound of the bistatis-cratesign and performance characteristics of electricallglsm
section is found by introducing the maximum directivitydnt forward-scattering particles, antennas, and/or sensmsdon
(14), which leads to the upper bound: metamaterial-inspired structures. The design of scatt¢hat
N 1 N 1 ) maximize the backscattering, as suggested by Eq. (16)ftis le
ob (kz) < —DZ. (kz) < = (N?+2N) (15) for future efforts.
77, W_ ] ] We emphasize that the response of an electrically small
The upper bound in any other direction will be smallef,;icie can be approximated by the combination of its etect
For example, by using Eq.(14) and a multipolar analysis gf,q magnetic dipole moments. In such a case, the maximum
the forward-backward dlre_ctlwty product_, the followmgppr directivity is achieved by the balanced combination of perp
bound for the backscattering cross-section can be derived iy 1ar electric and magnetic dipole moments [30], which is
~ 1 9 2 usually termed as a Huygens source. Therefore, the Huygens
b (7ki) S (N*+2N) 16) source directivity in the forward directioye.: (k;) = 3

For the sake of brevity, the details of the mathematicehn be introduced in the bounds (10)-(14) to establish a
derivation of Eq.(16) have been included as supplementdgference/baseline case for electrically small devices M
material. The derivation is even more complicated for a#enote it here as an ideal Huygens source particle/antenna.
arbitrary direction and any given number of multipoles. In theory, an unlimited superdirective response can be
It is evident from Egs.(15) and (16) that the maximapbtained by exciting higher order modes (HOMs) [31], [32].
backscattering is four times smaller than the maximal tiistaHowever, practical implementations of HOM approaches are
cross-section, i.e., the forward scattering cross-seclibere- hindered by increasingly narrower bandwidths; the fact tha
fore, it reveals that the price to be paid for using a singléey are ill-posed solutions and, hence, are extremelyitsens
transmit-receive, monostatic interrogation system rathan to fabrication tolerances; and the dramatic damping thetisc
the optimum, forward-scattering bistatic one is minus 6 d®hen realistic losses are included [18], [33], [34]. Theref
(factor of 4). In addition, it is demonstrated in the suppéem we will adhere here to the strategy of enhancing the dirigtiv
tary material (refer to Egs. (35) and (36) and the associatigdreach the upper bounds by achieving a balanced combina-
discussion) that the bound (16) can be reached with eittign of perpendicular electric and magnetic dipole moments
electric or magnetic multipoles only, it demonstrates ,thdte., émulating a Huygens source.
in terms of backscattering, there is no benefit derived from The simplest implementation of a Huygens source scattering
the simultaneous excitation of electric and magnetic @igpl particle could consist of an electrically small body witinde,
nor from the coupling between the different multipoles viéow-loss and equal permittivity and permeability [35]. How
non-reciprocal and/or magnetoelectric coupling phenamever, to the best of the authors knowledge, materials fofill
The fact that the optimal backscattering configuration can khese three requirements are yet unknown. At optical freque
constructed with only electric multipoles is a positiveaarhe, cies, Huygens source nanoparticle lasers have been ddsigne
particularly at high frequencies, where the magnetic raspo by using a combination of plasmonic and semiconductor kyer
of matter is inherently weak (see, e.g., [29]). [36]. At microwave frequencies, successful implementetio
Egs. (14)-(16) are the main analytical results of this workf Huygens source antennas have been carried out based on
They represent the upper bounds on the achievable scattefitetamaterial-inspired concepts [16], [37] and chiral ipkas
towards a specific direction that, to the best knowledge B8], [39]. Here we will examine the scattering propertids o
the authors, are presented here for the first time. Due Hilygens source antenna designs whose radiation properties
their fundamental nature, they have far-reaching imghcet were investigated in [16], [37], as well as further evolagmf
in spectroscopy, radar, sensing and imaging technologiti¥ose metamaterial-inspired scatterers, to illustrate tlosely
Moreover, they clarify the limits on the performance of an{hey can approach the derived upper bounds.
system that relies on measuring the scattering of a givescobj

along a specific direction. A. Coin Scattering Particle

We begin with a particle that maximizes the scattering in
the forward direction. Following the philosophy of comluigi
perpendicular electric and magnetic dipoles, we propose th

The optical theorem-based bounds provide a deeper insight of a coin-like particle as schematically depicted in Eig
into the physical mechanisms that limit the absorption arithis coin particle consists of a cylindrical dielectric striate

IV. ELECTRICALLY SMALL FORWARD-SCATTERING
PARTICLES
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Tout = 1D mm
2
(X
tw =& =2mm \éa/ —Caoin Particle .
- - -Coin Particle Lossless
gw = 3mm 1| = Coin Partible Bound [
—+—Huygens Particle
ty = 5.15mm Yo
300
tg = 1mm 9 1.45 15 1.55 1.6
Frequency (GHz)
gs = 0.4 mm
Fig. 3. Bistatic cross-section in the forward directian, (k; ), for the
cain particle, its lossless implementation, the upper bo(ib), and an ideal
Huygens particle. Inset: Coin particle’s scattering dikty pattern in the
(b) H-plane at 1.505 GHz.
t t It can be concluded from Fig.3 that the, (ki) spectra
lg S 9s of both the coin particle and its lossless counterpart are
each characterized by a single resonant peak which occur,
Fout respectively, at 1.505 GHz and 1.508 GHz. The existence

of a single resonant peak suggests that both the electric and
t, magnetic resonances are overlapping, and, indeed, thibecan
ratified by inspecting the inset of Fig.3, which depicts the
scattering directivity pattern of the coin particle in the H
(©) (d) plane at its resonance frequency, 1.505 GHz. It is apparent
Fig. 2. Coin particle geometry: (a) HFSS model, (b) dimensj@nd sketches that the coin particle features a Huygens source-like patte
of its (c) electric and (d) magnetic resonators. that concentrates the scattered field into the forward tinec
The front-to-back ratio (FTBR) is larger than 100 (20 dB)dan
the maximal directivity Dycas max (ki) = 3.245 is actually
having electric and magnetic dipole resonators imprinted gj; htly larger that 3.0, the ideal Huygens particle value.
each of its sides. The substrate consists of two layers fijis outcome is due to the fact that the effective lengths
0.787mm thick Rogers Duroid RO5880 with both resonatogs the electric and magnetic dipole resonators are somewhat
being constructed with copper traces having 0.07mm thiCkyger than those of the infinitesimal electric and magnetic
ness. The magnetic resonator is a pair of capacitively badg,oles constituting the ideal Huygens source. Consegyent
loops, whereas the electric resonator is a top-hat loaqedadi e maximal bistatic cross-section according to the bound

Despite the fact tl*_ur—._lt both re;onators are intrinsicallypted, élS) is o) (ﬁz) < (3.245)%/7 ~ 3.352. Note that this
the frequency position of their resonances can almost beltu

independently by modifying their respective loads, i.bg tvalue IS very cIoseIX approached by the peak of th? Ios.sless
widths and lengths of the traces and gaps of both elemerif@Plementations; (k; ) = 3.347. In fact, the forward bistatic
which enables a tailored superposition of the electric affioss-section of the ideal lossless coin particle is evighty
magnetic dipole resonances in a straightforward manneitewrarger than that of an ideal Huygens source particle, i.e,
this optimization process is not reported here for the sake ki) = 3%/m ~ 2.865.

of brevity, the resulting geometry is detailed in Fig.2. 8ot These simulation results suggest that the ideal coin fartic
that the design features an external radius:@f = 15mm s an optimal strategy for maximizing the bistatic crosstism,
(ko rous = 0.47 at 1.5 GHz). Consequently, it can be regardeghq that it also serves as a good test of the validity of the
fairly as an electrically small resonator. upper bound (15). Notice, however, that the more realistic
Fig. 3 presents the HFSS-simulated values of the coin pagfiplementation of the coin particle with copper strips and
cle normalized bistatic cross-section in the forward dicet  commercially available substrates inevitably lies beldvs t
oy (ki), as a function of frequency, when the particle igheoretical value. Specifically, the damping introduced by
illuminated with az-polarized plane-wave propagating alonghe dissipation losses reduces the peak value of the bistati
the x direction. In order to establish a reference framesross-section to 76% of the upper bound. While it can be
work, the figure also includes the performance of the samensidered a remarkable performance for such an eledyrical
particle implemented with lossless materials (i.e., reiplg small resonator, this result illustrates the difficultiegdlved in
the copper strips with a PEC material and removing ththe design of efficient electrically small radiators. Thujle
losses in the dielectric substrate); the upper bound (1%); ave have demonstrated that the top theoretical performance i
the hypothetical performance of an ideal Huygens particlerms of the bistatic cross-section can be obtained by ma&fans
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relatively simple resonators, these results also underdte
fact that there are current practical challenges assakciait
finding robust materials and techniques that enable reduci
the device size while minimizing the damping induced b
dissipation losses. It is is also important to emphasizé th
any implementation relying on the excitation of HOMs woulc
be even more dramatically penalized by the presence ofdoss
Consequently, these results further suggest that elaltyric
small designs based only on dipolar responses are the m~
reliable strategy to reach the upper bounds from a practic
standpoint.

B. Coin Receiving Antenna: Single Port

Because of its copper and dielectric losses, the coin partic ()

has a non-negligible absorption cross-section. As is contyno
done in the analysis of resonant scattering particles [d/28, e B t
could tune the induced currents in the coin particle by madif d 4 tg = 1.2mm
ing its configuration and composition, notably its loss tamty l _

. . . ) = Lg = 8.05mm
to achieve maximal absorption. In fact, since the losses ¢ —— T
more or less uniformly distributed within the structure wkie < L ‘i Ly =16.4mm
is electrically small, the current distribution is quitesémsitive Ld g

ga = 0.4mm

to changes in the conductivity. This property enables the a

justment of the absorption while keeping the scatterintepat  _Y_

which is controlled by the current distribution, intact. @ (b)
other ha”‘?" th_e d_e_SIQn of a receiving antenna t_o_maX|m|ze II-Jia 4. HFSS model of the coin antenna. (a) 3D view; (b) Detail the
response is significantly more complex. Receiving antennagrnal dipole antenna geometry.

do discriminate between received and parasitically dieibh

powers. Consequently, the goal is to maximize the power

absorbed within a specific area (the load), while minimizingxcitation frequencies ranging from 1.46 GHz to 1.49 GHz.
the absorption in the rest of the device. For comparison purposes, the figure also includes the ksssle

As an example of a proper receiving antenna, consider tingplementation of the coin antenna, the upper bound (10),
design schematically depicted in Fig.4(a). It is the reiogiv and the performance of an ideal Huygens particle. It is
counterpart of the electrically small Huygens source mtr@pparent that the lossless implementation of the coin aaten
duced in [37]. The design consists of the coin particle withpproaches the upper bound (10) very closely (see the ifiset o
a dipole antenna printed in the middle of the two substrakgg. 5(b) for a zoom in of the main plot). This means the coin
layers. This internal dipole antenna is near-field couplted antenna maximizes the absorbed power without producing any
both resonators. It converts a portion of the incident wavaore scattering than would be allowed by the optical theorem
captured by the resonators into voltages and currents d®ngMoreover, it also suggests that the optimal performance of a
coplanar stripline output transmission line, which is terated cloaked sensor can be approached with these metamaterial-
with a lumped port having a 30 intrinsic impedance. The inspired antenna designs. In this sense, the coin antetmoa in
details of the geometry of the internal dipole are illustthin duced in this study can be considered as an optimal minimum
Fig. 4(b). The substrate, as well as the electric and magnetcattering sensor. Consequently, it could be employed, for
resonators, are the same as those in Fig. 2, except that mowekample, as a minimally disruptive probe. Moreover, sirice i
length of the loop capacitors is characterizedby 5.7mm. features a backscattering null, it would help to minimize th

interactions between it, as a probe, and any sample.

The HFSS-simulated absorption and scattering propertiedNote that the performance of a realistic implementation of
of the coin receiving antenna are reported in Fig. 5. As showime coin antenna is degraded away from the upper bound
in Fig.5(a), the scattering directivity pattern at its neant by the presence of unwanted absorption in both the copper
frequency, 1.473GHz, is again the familiar Huygens souremd dielectric pieces. Specifically, its peak antenna gain i
cardioid pattern. By design, it is a balanced combinatiategraded from an ideal value of 3.207 to 2.709. Again, while
of the electric and magnetic dipole resonators and, heneegain of 2.709 is a remarkable value for an electrically $mal
concentrates the scattering into the forward directiorha$ receiving antenna, this result nevertheless emphasizes th
a FTBR that is larger than 100 (20dB) and a maximal diregreat challenges an antenna engineer faces to avoid urdvante
tivity, Dscar = 3.211. Again, this maximum value is slightly absorption when dealing with such an electrically smalickv
larger than that which can be obtained with the ideal Huyt is also worth noting that the absorption efficiency of the
gens antenna constructed with infinitesimal dipoles. Kig) 5 antenna in Fig.5 is close to 50%, as it must be for maximal
presents the gain - absorption efficiency paifs f.s) for absorption [7], [12]. In fact, the antenna gai@@, = 3.207,
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270 Fig. 6. Two-port coin antenna HFSS model. Front and back sielhe
(a) schematic positions of the lumped ports are shown in yellow.
1 ‘ —Coin Antenna
---Coin Antenna Lossless end of the CPS feed line. These modifications subsequently
—+Upper Bound alter the field distributions that excite both the electrida
~-Huygens Antenna magnetic resonators. This effect breaks the balance betwee
0.75 1 the electric and magnetic resonators and, hence, ruins the
forward-scattering characteristics. Therefore, the geoyrof
the coin antenna must be re-optimized for its operation e ea
2 — desired, different absorption efficiency level.
?cv} o5+ - = ]
C. Coin Receiving Antenna: Two Ports
To overcome this difficulty and to more clearly illustrate th
0.25¢ performance of an antenna at different absorption effigienc
levels, the feeding mechanism of the original coin antenna
\ is modified so that its current distribution is less sensitiv
to changes in the port impedance. As depicted in Fig. 6, the
0 1 2 3 4 antenna is now terminated at two lumped ports (marked in
G yellow): one placed at the center of the top-hat-loadedldipo
(b) resonator, and the other one placed in the middle of one of

the capacitively loaded loops. The length of the ports is 1 mm

Fig. 5. HFSS simulated performance of the coin antenna. (@)aRe  The geometries of the resonators are exactly the same as in
scattering directivity pattern at its resonant frequenc$732 GHz. (b) Gain

absorption-efficiency pairsd, n.p.) of its lossy and lossiess implementationsF19- 2 1N thiS t\NQ-POFt _Configuration, the coupling be.tween
for excitation frequencies ranging from 1.46 GHz to 1.49 GHalid arrows both ports is negligible, i.eS2; < 30dB for all the following
indicate the directions in which frequency increases. tinBeom in to the simulations. The Iumped ports of the dipole and the open |00p
maxima of their gain values. For comparison, the antennaghich follows L L
the upper bound (10) and the antenna gain for an ideal Huyganile for are CharaCte”Zeq by the |ntr|n§|c 'mp(':'damié:§< 1-5 {2 and
Nabs Fanging from 0 to 1 are also provided. C x 59, respectively, where” is used as a scaling factor
to study the response of the receiving antenna to changes in
its input impedance. In particula€; = 1 corresponds to the

of the lossless implementation approaches very closel Isatched configuration at which the gain is maximized.
P bp y y Fig.7(a) gives the H-plane scattering directivity pattern

maximal value given by the forward scattering directivity];or the two-port coin antenna under its matched condition

Dscar (ki ) = 3.211. Thus, it also can be considered optimal, _ | 4t jts resonant frequency, 1.504 GHz. Once again,
in the sense of maximizing the absorption. the antenna concentrates all of its scattering in the fatwar

On the other hand, it may be desirable, for instance, fdirection with maximal directivity in excess of 3. On the
various sensor applications to have significantly lessbigsi other hand, the FTBR in this case is only approximately 40
antennas with higher absorption efficiency. Receivingramas (16 dB). In order to analyze the response of the antenna to an
of this type are perfectly possible. From a Norton or Themeninduced port mismatch, Fig. 7(b) represents the antenna gai
equivalent circuit perspective, it could be expected tmat iand its scattering directivity at the resonant frequencyhim
creasing the port impedance should directly lead to a higHerward direction for impedance scaling factofs ranging
absorption efficiency. In fact, this strategy works peftieatell from 1 to 5. As expected, the antenna gain monotonically
for simple wire antennas [19] and core-shell resonator$. [12lecreases along with th@ factor due to the mismatch losses.
However, equivalent circuit representations are onlydvals However, it is also observed that the scattering diregtiirit
long as the current distribution in the antenna is mainthinghe forward direction is mostly unaffected by the changes in
Unfortunately, for the coin antenna depicted in Fig. 4, dem the port impedance. This behavior confirms the robustness of
in its port impedance modify the reflection coefficient attthahe current distribution, including both electric and metin
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Fig. 7. HFSS simulated performance of the two-port coin rame (a) H- 0 ———
plane scattering directivity pattern under the matchedlitimm, C' = 1, at its 0.25¢
resonant frequency 1.504 GHz, (b) antenna gain and scaftdifectivity in 07
the forward direction for impedance scaling facté'sranging from1 to 5.
0.5]
15 225 3

resonators, against impedance changes, for this two-part ¢ 0 1 2 a 3 4

figuration. This property enables the operation of the twa-p

coin a_ntenna at d_lﬁerem absorptlon efficiency levels. Fig. 8. HFSS simulated performance of the two-port coin rame Gain
To illustrate this fact further, Fig.8 represents the gaibsorption-efficiency pairsd, n.1s) for excitation frequencies ranging from

- absorption efficiency paird,n.,s) as a function of the 1-493'*'% to 1-539*;_21 andhfog impedance Sﬁ?':]”% f«'ﬂfctﬁrwnqing from1
. . 0 5. Solid arrows indicate the directions in which the requersincreasing.
frequency for the two-port coin antenna port impedance whéglr comparison purposes, the upper bound (10) and @he.,.) pairs for

the C' impedance parameter ranges frdnmto 5. As antici- 1, ranging from 0 to 1 are also provided. Inset: Comparison ef ghin
pated, increasing th€ impedance scaling factor increases thgbsorption-efficiency pairsi{, naps) at the maximal gain value for eadt
absorption efficiency of the antenna. Moreover, the antenfi'e With the upper bound (10).

performance, as compared to the theoretical bound, is not

degraded by the induced mismatch. Rather, the antenna Rgfthe fact that the maximal bistatic cross-section can bely
formance approaches the upper bound as the port impedagggieved in the forward scattering direction. Moreovewais
increases. This fact can be more clearly appreciated in 8o found that the upper bound of the backscattering cross-
inset of Fig. 8, which depicts a comparison of the upper bouigction, of crucial importance for many practical appliwas,

(10) with the gain absorption-efficiency pair§,(.ns), at the js four times smaller than the forward scattering maximum
maximal gain value for eac’ value. We ascribe this behavioryajue. Furthermore, it was concluded that the backscageri
to the fact that, as the port impedance increases, the ffopor ypper bound can be reached with the excitation of only étectr
of the power dissipated in the load to that lost in the coppgF magnetic multipoles, which was recognized as being agrea
and dielectric is enhanced, reducing the negative impattteof advantage at optical frequencies where the magnetic respon

additional unwanted losses. of matter are weak.
The reported upper bounds were used to reveal the fact
V. CONCLUSIONS that receiving antennas must concentrate their scattezkets fi

into the forward direction to maximize their absorption and

th Trf1e t]zp'::jcal theorerr:. was used_ t? ge”.\t/ﬁ upper Ibounds ggattering cross-sections, as well as their bistatic esestion.
€ far-field cross-sections associated with generaleeast It was demonstrated that this property is essential to aehie

These bounds were applied to understand the scattering Y maximum performance of a receiving antenna, such as

absorption properties of receiving antennas. It was Sho\{ﬁ(bnminimum scattering sensor. Understanding this constrain

VlantTf iﬂ?ttlﬁal thr:aorexrtr; thtziitnen;argywcc;r}ferrr:/at:]o?nw;:jpc;sgﬁs | e designed several metamaterial-inspired receivingnaiaie
constra at any extraction of power from an Incidentii€ly, ,; o pipit Huygens source forward-scattering propgied

via a scatterer,. €.g., a receving antenna, mus.t be_ aSJESdCI6§thowed that their ideal realizations actually reach thévddr
with the re-radiation of fields in the forward direction. Th%pper bounds. Issues that allow their realistic countestar

Zxésgfrgfaet.;: g;'ts Loer:']v?rr]zly'g;:;tid z%?tgge%rﬂ?fnmﬁ?nsoonly approach these bounds were highlighted. These Huy-
! W S N9 sorption p ns source-based receiving antenna implementatiortsefurt

En?'[har;(rjﬁ Tenfﬁ’ limits tih? gmoutr][t r?rf] acrh|eiv?br:e al;sorptl %\maled that relatively simple designs, based only on the
)l: it ?i no ef, ?r istsoﬁatﬁ scatter rg r?c? St;l Ce”mdit'e‘ofbalanced combination of fundamental electric and magnetic
excitation ot currents € scatierer and, thus, s ipole resonators rather than on higher order modes, offer

amount of achievable scattering even in the ideal limit .
L . ) f h losel h the ph I
no material dissipation [12], [13]. Previously derived bds Egzr?;r:i\r/]rfileesbteii; (;22"2\/ :l?lle closely approach the physica

on the time-harmonic absorption and scattering crossesect
were reaffirmed independently by understanding these palysi REFERENCES
effects and their limitations. Moreover, this approactesded _ .
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amount of scattering into a specific direction. These boleuis McGraw-Hill, 1948.
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