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Abstract—Cross-polarized backscatterers integrated with a
ground plane are a key element of different applications including
chipless RFIDs, sensing, ambient backscattering communications
and data-storage. The use of a cross-polarized signal removes
the difficulties arising from the strong co-polar signal reflected
by the ground plane. Concurrently, the cross-polarized signal is
typically very weak, hindering the effectiveness of cross-polarized
backscatterers in noisy and uncontrolled environments. Herein,
the generalized optical theorem is used to derive upper bounds
on the cross-polarized backscattering cross-section of systems
integrated with a ground plane and to identify viable strategies
to design them based on highly-directive scattering systems.
Popular antenna configurations, including elementary electric
and magnetic dipoles and their combinations as Huygens sources
and end-fire arrays, are examined to ascertain which ones can
be used to realize highly-directive cross-polarized backscattering
performance when they are integrated with a ground plane.
Realistic single antenna elements that attain the upper-bound
performance are identified. A two-element end-fire array based
on crossed electric dipole elements also achieves the upper-bound
performance, further confirming the efficacy of the derived cross-
polarized backscattering bounds.

Index Terms—Antenna arrays, chipless RFIDs, radio fre-
quency identification device (RFID), RFID mounted on metal,
superdirectivity

I. INTRODUCTION

S IMILAR to conventional antennas, the integration of low-
profile and electrically small scattering systems with a

ground plane are of interest for several technologies including
chipless radio-frequency identification devices (RFIDs) [1]–
[5], sensing [6]–[9], ambient backscattering communications
[10]–[12] and optical data storage [13]. Typically, the presence
of the ground plane is imposed by technological and applica-
tion specific constraints such as the structure on which the
system must be supported and/or the need of electromagneti-
cally isolating its radiating and scattering parts from the rest
of the system, e.g., a device mounted on a metallic body such
as an automobile, drone or aircraft. However, the presence
of a ground plane critically modifies the distribution of the
fields radiated by local currents excited (induced) on it and
the radiator/scatterer by some internal (external) excitation.
Therefore, the design of both antennas and scatterers integrated
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with a ground plane must be specialized to account for its
influence.

Previous designs of backscatterers integrated with a ground
plane have been heavily inspired by antenna theory, with their
geometry consisting of dipoles [5], [7], concentric rectangular
loops [2]–[4], [6], microstrip patches [14] and a variety of
metamaterial-inspired constructs. Cross-polarized backscatter-
ers are of particular interest as they enable the isolation of the
signal of interest from the co-polarized ground plane reflection.
In fact, the strong echo from a large metallic body severely
limits the read range and the frequency selectivity of the
co-polar component of the back scattered signal as the size
of the ground plane increases [2]. On the other hand, the
main drawback of using the cross-polarized component of
the backscattered signal is its even smaller strength, typically
being several orders of magnitude weaker than the total co-
polar field which includes not only the scattered co-polarized
signal, but also the reflection of the incident field from
the ground plane. This feature of a cross-polarized scattered
signal hinders its implementation in noisy and uncontrolled
environments, e.g., in industrial and/or outdoor situations.

The maximization of the power scattered by an electrically
small system is a central topic of electromagnetic theory
for which several theoretical bounds and optimization pro-
cedures have been actively investigated [15]–[24]. This fact
suggests that basic electromagnetic scattering theory could
be applied to identify optimal design strategies for cross-
polarized backscatterers integrated with a ground plane. For
instance, the optical theorem was used in a previous work
[17] to derive upper bounds of different scattering processes,
i.e., the total scattering, total absorption, minimum scattering
and bistatic scattering. Those previous studies showed that
all of these scattering processes are upper bounded by the
scattering directivity of the object back into the direction of
the source of the incident field. These upper bounds result
from the constraints imposed by the need for an efficient
extraction of energy from the incident field through destructive
interference. This conclusion revealed that highly directive
systems are beneficial for most scattering processes, and it
provided design guidelines for the development of a variety
of devices. For example, this theory was applied to design
superbackscattering systems consisting of arrays of antennas
[25], dielectric resonators [26] and nanoparticles dimers [27]
whose backscattering cross sections approach the theoretical
upper bounds.

Here, we extend our previous results to the case of a scatter-
ing system integrated with a ground plane under arbitrary far-
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field illumination, and we use this theory to provide guidelines
for the design of optimized cross-polarized backscatterers. To
this end, the remainder of the manuscript is organized as
follows. First, Section II introduces the general theory and
notations for the analysis of scattering systems integrated with
a ground plane. This approach is particularized in Section
III to the technologically relevant case of specular cross-
polarized backscatterers. We then revisit the performance
that can be obtained with popular highly-directive systems,
including electric and magnetic Hertzian dipoles, as well as
their combinations into Huygens sources and end-fire arrays.
Finally, our concluding remarks are established in Section IV.

We note that while other design and analysis techniques
could be applied to the same problem, e.g., a full-fledged
numerical optimization, the developed theory highlights the
key role that directivity plays in optimizing the scattering
processes. Moreover, it provides important, innovative physical
insights into the limiting factors on this class of electromag-
netic field-matter interactions. Furthermore, it suggests prac-
tical design guidelines. An in depth study of the performance
that can be expected from known antenna and scattering
systems, such as elementary dipoles, Huygen’s sources and
end-fire arrays, in the presence of a ground plane is given.
Nonetheless, numerical parameter studies of example symmet-
ric and asymmetric backscatterers are used to confirm these
theoretical developments.

II. GENERAL THEORY FOR SCATTERING SYSTEMS
INTEGRATED WITH A GROUND PLANE

We start by considering the geometry schematically depicted
in Fig. 1, where a scatterer is placed near to a ground plane
whose exterior surface corresponds to the XY plane. The
scatterer is defined as a local permittivity distribution ε (r).
The electric field solution to this electromagnetic problem can
be written as the superposition of the background and scattered
fields [28]: E (r) = Eb (r) + Es (r). The background field
Eb (r) corresponds to the solution to Maxwell equations in
the absence of the scatterer. It is composed of the incident
fields radiated by the sources illuminating the system, as well
as the reflections of those waves from the ground plane. On
the other hand, the scattered field Es (r) is defined as the fields
radiated by the polarization currents induced in the scatterer.
The time harmonic convention ejωt is assumed for all currents
and fields and is omitted throughout.

Without loss of generality, we can apply a spatial Fourier
transform taking Z as the preferred axis, and rewrite the
background field as a superposition of plane waves [29]

Eb (r) =
∑
ξ=I,R

∑
q=1,2

∫
d2k‖ êq (kξ)Eξq (kξ) e

−jkξ·r (1)

The spatial spectrum amplitude Eξq (kξ) has units [V-
m]. We assume that the system is illuminated only by far-
field sources. Thus, the integral in (1) only runs over prop-
agating waves with the wave vectors kI = k‖ + ẑ kz and
kR = k‖ − ẑ kz corresponding to the incident waves and the
waves reflected by the ground plane, respectively. The term
k‖ = x̂ kx + ŷ ky is the wavevector component parallel to

Fig. 1. Geometry of a scattering device, modeled as a permittivity distribution
ε (r), located near to the top surface of a ground plane. The total field is
given by the superposition of the background and scattered fields, E (r) =
Eb (r) + Es (r). The background field Eb (r) consists of the solution to
Maxwell equations in the absence of the scatterer, and thus it is given by
the incident field radiated by the sources illuminating the system, and the
reflection of those waves in the ground plane. The scattered field Es (r)
is the field radiated by the polarization currents induced in the device into
multiple r̂ directions.

the ground plane. The term kz ∈ R+ is the component of
the wavevector along the normal to the ground plane; it is
a real and positive quantity for propagating waves. The sum
also runs over the two possible transverse polarizations for a
propagating plane wave, êq (kξ), with q = 1, 2. Eξq (kξ) is the
amplitude of the electric field for each wavevector/polarization
pair.

A common figure of merit that describes the scattering
process is the power extracted by the scatterer from the
background field. It equals the addition of the scattered and
absorbed powers, Pext = Pabs + Pscat and can be written
as a surface integral over the cross-terms of the Poynting
vector field [30]. Asymptotically evaluating this integral by
means of Jones’ Lemma [31] leads to an expression for the
extracted power similar to previous generalizations of the
optical theorem in the presence of an interface [32], [33]:

Pext =
2π

ωµ0

∑
q=1,2

Im

∫
d2k‖ERq (kR) ê

∗
q (kR) · F

(
k̂R

)
(2)

where F (r̂) is the pattern of the scattered field in the far-
field limit, i.e., Es (r) −→ F (r̂) e−jkr/r as r → ∞. Since
2π/(ωµ) = λ/η0, where η0 is the wave impedance of free-
space, the vector pattern F (r̂) thus has the units [V].

The optical theorem, given by Eq. (2), emphasizes the role
of the destructive interference in the extraction process. In
order to extract energy, the scattered field must have a nonzero
projection on the direction and polarization of the background
field, i.e., ê∗q (kR) ·F

(
k̂R

)
6= 0. Since the scatterer can only

produce outgoing waves and it lies near to the ground plane,
only reflected waves contribute to Eq. (2). Importantly, the
generation of the scattered far-fields must necessarily result
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in radiation damping on the polarization currents. Therefore,
highly-directive backscattering systems must radiate scattered
fields that project onto the background field to provide a
superior performance in any scattering process as measured
by the total scattering, absorption, directional scattering, maxi-
mum/minimum scattering, .... In other words, a highly efficient
scatterer must only radiate wavevector/polarization pairs that
contribute to the extraction of energy, while avoiding those
pairs that lose power to unwanted channels. This physical in-
tuition can be mathematically justified by deriving inequalitites
from Eq. (2).

First, we note that if fm is a set of complex numbers,
then

∑
m Im (fm) ≤

∑
m |fm|. Consequently, the following

inequality for the extracted power follows immediately from
Eq. (2):

Pext ≤
2π

ωµ0

∑
q=1,2

d2k‖ERq (kR)
∣∣∣ê∗q (kR) · F(k̂R)∣∣∣ (3)

Next, we recall that the definition of the scattering directivity
into each polarization state is given by the relation [34]:

Dscat (r̂, q) = 4π
1

2η0

|êq (r̂) · F (r̂)|2

Pscat
(4)

Thus, the inequality (3) can then be rewritten using (4) as
follows:

Pext ≤
2π

ωµ0

∑
q=1,2

∫
d2k‖ERq (kR)

√√√√2η0PscatDscat

(
k̂R, q

)
4π

≤ λ√
2πη0

√
Pscat

∑
q=1,2

∫
d2k‖ERq (kR)

√
Dscat

(
k̂R, q

)
(5)

Finally, by introducing the projection factor

PB =
λ2

2πη0

[∑
q=1,2

∫
d2k‖ERq (kR)

√
Dscat

(
k̂R, q

)]2
(6)

the inequality given by (5) can be compactly written as:

Pext = Pscat + Pabs ≤
√
PscatPB (7)

The projection factor, PB , is the power that describes the
scattering directivity weighted over the directions and polar-
izations of the background field. It is a figure of merit that
determines how efficiently the scattered field is projected onto
the background field. As a result, the PB factor is critical to
the determination of the performance of different scattering
systems.

We note that Eq. (7) is mathematically equivalent to the
inequality derived in [17] for the case of scatterers standing in
free-space and illuminated by a single plane-wave. The only
difference is that the background power factor PB becomes

an integral over the multiple reflection directions and polariza-
tions, instead of the simple forward scattering directivity. Due
to this mathematical equivalence, the methods employed in
[17] were readily adopted here for the derivation of the upper
bounds in this more general case. For example, upper bounds
for the total scattered and absorbed powers can be found by
maximizing the different terms in Eq. (7). In particular, the
scattered power is maximized in the lossless limit, Pabs = 0,
and its upper-bound is Pscat ≤ PB . On the other hand, the
absorbed power is maximized when Pabs = Pscat, and its
upper bound is Pabs ≤ (1/4)PB .

The performance of minimum scattering antennas (or
cloaked sensors) is usually defined by their absorption effi-
ciency [34]: ηabs = Pabs/(Pscat + Pabs). With this definition
one has ηabs(1 − ηabs) = PabsPscat/(Pscat + Pabs)

2 and
Eq. (7) then yields Pabs ≤ ηabs(1 − ηabs)PB , illustrating
the maximum absorption that can be obtained for a given
level of absorption efficiency ηabs. Again, its upper bound
PB/4 is attained when ηabs = 1/2. Similarly, the power scat-
tered into a given direction and polarization pair is given by
P (r̂, q) = PscatDscat (r̂, q), with the upper bound P (r̂, q) ≤
Dscat (r̂, q)PB .

This set of upper bounds is a generalization of our work
in [17] which was restricted to scattering systems located in
free-space and under single plane-wave illumination. It reveals
that the performance of any scattering system (absorption,
total scattering, minimum scattering antennas and directional
scattering) located on a ground plane and under arbitrary far-
field illumination critically depends on how precisely the scat-
tered far-field projects onto the background field. Therefore,
the performance of the system is ultimately limited by the
scattering directivity.

III. HIGHLY-DIRECTIVE CROSS-POLARIZED
BACKSCATTERERS

These general scattering theory results are applied now to
the case of specular cross-polarized backscatterers. A sketch
of this particular scattering process is schematically depicted
in Fig. 2. A plane wave with electric field amplitude E0 and
polarization êco is normally incident on a device that is located
near to the upper surface of a ground plane. A measure of
the cross-polar component êcr of the field backscattered by
this combination is desired because, as noted, specular cross-
polarized backscatterers are particularly relevant for data-
encoding, communication and sensing applications in which
an electrically small device is integrated on a large metallic
object.

The projection factor for this particular scatterer-ground
plane configuration reduces to

PB = (λ2/π) [E2
0/2η0]Dscat

(
k̂R, êco

)
(8)

It is then convenient to describe the performance of this
backscattering system by using the bistatic cross-section,
which corresponds to the power scattered into a given direction
/ polarization pair, normalized to the incident intensity and
wavelength squared, i.e.,
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Fig. 2. Sketch of a specular cross-polarized backscatterer. A device that is
located near to the top surface of a ground plane is illuminated by a normally
incident plane-wave whose polarization vector is êco. The combination of the
device and ground plane scatters the incident field into multiple directions and
polarizations. The signal of interest is the cross-polarized specularly reflected
field whose direction is r̂ = k̂R and whose polarization vector is êcr .

σb (r̂, q) = P (r̂, q) /(Siλ
2) (9)

where the incident power density Si = E2
0/(2η0). By using

these definitions in the bounds derived in the previous section,
the cross-polarized version of this cross section has the upper
bound:

σb

(
k̂R, êcr

)
≤ 1

π
Dscat

(
k̂R, êcr

)
Dscat

(
k̂R, êco

)
(10)

where êco and êcr label the co-pol and cross-pol unit vector
directions.

In view of the bound (10), the problem of maximizing
the backscattering cross-section directly aligns with simultane-
ously maximizing the co- and cross-polarization directivities
in the reflected direction. Again, the underlying idea is that
for the scattering process to be efficient, all of the scatterer
must be vested in extracting as much energy from the incident
field as possible and reflecting it with the desired polarization
and direction. We note that both the co- and cross-polarized
directivities play the same role in Eq. (10), and that they
are orthogonally radiating channels. Therefore, there is no
advantage to emphasizing either the scattering into the co-
or cross-polar polarizations to determine the upper bound on
the cross section. In fact, we can consider both directivities to
be identical to obtain it. Consequently, the scattered power
is taken to be equally distributed into both the co- and
cross-polarization radiating channels. This also means that
the corresponding directivities are identical to half the total
directivity, Dscat, into a single polarization state produced by
the scatterer integrated with the ground plane, i.e.,

Dscat

(
k̂R, êcr

)
= Dscat

(
k̂R, êco

)
=

1

2
Dscat

(
k̂R

)
(11)

In this manner, the upper bound (10) reduces to

σb

(
k̂R, êcr

)
≤ 1

4π
D2

scat

(
k̂R

)
(12)

The upper bound (12) reaffirms that highly directive systems
are essential to achieve a large cross-polarized backscattering
cross-section. Consequently, we revisit popular strategies in
antenna theory to obtain a high directivity, and how they can
be applied to improve the cross-polarized backscattering cross-
section.

A. Electric vs Magnetic Dipoles

In order to get a deeper insight into the upper bounds for
the cross-polarized backscattering cross-section of different
antenna systems / scatterers placed on top of a ground plane,
we start with the analysis of the most elementary scatterers,
i.e., those composed of single infinitesimal electric or magnetic
dipoles, also known as Hertzian dipoles. These simple exam-
ples are very relevant for the practical design of electrically
small systems, and they will allow us to discuss some basic
aspects of fundamental electromagnetic field-matter interac-
tions.

For example, if an antenna element must be placed parallel
and very near to a ground plane, one would be tempted
to conclude that the best option would always be to use a
magnetic dipole antenna because it realizes a maximum of its
magnetic field there whereas an electric dipole experiences
a minimum of its electric field. This intuition aligns with
the concept that electromagnetic field-matter interactions are
maximized by strong coupling to local fields. However, the
scattering analysis indicated that electromagnetic field-matter
interactions also arise as the result of interference phenomena
rather than just this local field picture. In particular, the optical
theorem tells us that interference phenomena are essential to
the extraction of energy from the incident field and to its
redirection to where it is desired. Our upper bounds of the
scattering performance align with this perspective. From this
point of view, we show that an electric dipole antenna in
front of a ground plane would actually be preferred since it
produces a higher directivity. We will demonstrate that both
aspects: local interactions and interference phenomena, must
be considered in a practical system to determine the best
element for it to obtain an optimal performance.

To this end, we investigate the directivities that can be
obtained from electric Hertzian dipole (EHD) and magnetic
Hertzian dipole (MHD) antennas near to a ground plane. These
configurations are shown in Fig. 3(a). First, it is straightfor-
ward to show that the end-fire directivity, r̂ = x̂, of an EHD
with its current moment parallel to the ground plane at a
distance d from it is given by

DEHD (x̂) = 2
1− cos γ

2
3 −

sin γ
γ

(
1− 1

γ2

)
− cos(γ)

γ2

(13)

where γ = 2kd. It is interesting to point out some relevant
limits: (i) DEHD → 0 when γ → nπ. This end-fire direction
outcome corresponds to the destructive interference between
the EHD and its image in the ground plane. (ii) DEHD →
4/[ 23 + 1

(2n+1)2π2 ] ' 6 when γ → (n + 1/2)π. This end-
fire direction outcome corresponds to constructive interference
between the EHD and its image in the ground plane. (iii)
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Fig. 3. (a) Sketch of elementary electric Hertzian dipole (EHD) and magnetic
Hertizan dipole (MHD) sources whose current moments are oriented parallel
to the ground plane at a distance of separation d from it. (b) Directivity of the
EHD and MHD sources as a function of the separation distance to the ground
plane. (c) Upper bound of the cross-polarized backscattering cross-section for
antenna systems whose scattering response can be approximated by that of
these elementary EHD and MHD sources.

DEHD → 7.5 in the γ → 0 limit. This maximum directivity for
an EHD surprisingly occurs when the separation with respect
to the ground plane vanishes. This directivity enhancement in
the γ → 0 limit is the result of strong destructive interference
and is analogous to what occurs with superdirective antenna
configurations. In particular, the fields excited by the image
in the ground plane tend to cancel those of an EHD as it is
brought close to the ground plane. However, this destructive
interference effect is weighted differently for different obser-
vation directions. Those fields radiated in directions with a
larger phase difference are penalized less, i.e., in the end-fire
direction corresponding to the axis joining the dipole and its
image. This interference phenomenon gives rise to a highly
directive pattern.

On the other hand, the end-fire directivity of a MHD under
the same conditions is given by

DMHD (x̂) = 2
1 + cos(γ)

2
3 + sin γ

γ

(
1− 1

γ2

)
+ cos γ

γ2

(14)

The associated limits are then: (i) DMHD → 4/[ 23 +
1

(2n+1)2π2 ] ' 6 when γ → nπ. (ii) DMHD → 0 when
γ → (n+ 1/2)π, again corresponding to the constructive and
destructive interference conditions in the end-fire direction.
(iii) DMHD → 3 in the limit γ → 0, showing the well known
factor of 2 directivity enhancement for a MHD as its separation
with the ground plane vanishes.

The directivity for antenna systems whose response can be
approximated by that of EHDs and MHDs in front of a ground
plane is presented in Fig. 3(b). The associated upper-bound
on the cross-polarized backscattering cross section that could
be obtained with pairs of two orthogonal EHDs or MHDs is
reported in Fig. 3(c). As anticipated, an EHD produces a higher
directivity than a MHD as d→ 0, leading to an upper bound
on the cross-polarized backscattering cross-section that is 6.25
times higher. This result indicates that EHDs can in theory
provide a superior backscattering performance than MHDs in
the proximity of a ground plane. Their higher directivity makes
them an efficient element that extracts the most energy from
the incident field during the scattering process.

However, similar to superdirective systems, the directivity
enhancement of a EHD next to a ground plane is obtained by
means of a general destructive interference that can negatively
affect the backscattering performance in the presence of losses,
i.e., when dissipation damping is comparable to or greater than
radiation damping. We further investigate this effect and its
practical implementation by designing a small cross-polarized
scatterer whose response can be approximated by that of
two orthogonal EHDs. As depicted in Fig. 4(a), it consists
of a copper strip printed on the top surface of a Rogers
DuroidTM copper-cladded substrate with its bottom surface
being the ground plane. Its asymmetric geometry has been
designed to maximize the cross-polarized scattering cross-
section. Its details are reported in Fig. 4(b). The entire structure
is contained within a radius of 15 mm (0.105λ at 2.1 GHz).
The fields scattered by this element are similar to those of
two orthogonal EHDs except for the fact that the maximum
directivity of each dipole is slightly larger, 1.68 instead of 1.5,
due to its nonzero physical size.

Fig. 4(c) shows the cross-polarized backscattering cross-
section as a function of frequency for several separation
distances to the ground plane. The backscattering cross-section
is characterized by a resonant peak near 2.1 GHz that slightly
shifts towards lower frequencies as the separation distance
decreases. In addition, the resonance linewidth decreases along
with the separation distance, which can be understood as the
results of a smaller radiation damping. A closer connection
between the performance of the system and our theory can
be found by inspecting the peak backscattering cross-section
as a function of d, as well as its comparison with the lossless
implementations of the system and the theoretical upper bound
(shown in Fig. 4(d)). In the lossless case, our design reaches
the theoretical upper bound and its backscattering cross-
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Fig. 4. (a) The ANSYS high frequency structure simulator (HFSS) model
of an asymmetric, cross-polarized backscatterer located at a distance d from
a ground plane and printed on the surface of a dielectric. It is excited by
a plane wave with its electric field polarized parallel to the dipole axis. (b)
Top-view and additional details of the element’s geometry. Relevant design
parameter values in millimeters (mm) are: W = 1.5, r2 = 15, r1 = 13.5 and
g = 0.5. The scattering element is printed as 70µm thick copper traces on
the top surface of a 0.254 mm thick Rogers RO5880 substrate whose dielectric
constant is 2.2 and loss tangent is 0.0009. (c) Cross-polarized backscattering
cross-section as a function of frequency for different separations to the ground
plane. (d) Comparison of the cross-polarized backscattering cross-section
predicted for the asymmetric dipole in its lossless and lossy implementations
and the theoretical upper bound of the cross-polarized backscattering cross-
section, scaled to account for its maximum free-space scattering directivity,
1.68, associated with its nonzero geometrical size. The wavelength at the
resonance frequency λr is defined as the wavelength at the resonance peaks.

section can be considered optimal. This result suggests that
carefully engineering the interference phenomena is indeed
the dominant feature needed to optimize the backscattering
cross-section. However, once losses are introduced in the
design, the backscattering cross-section approaches zero as the
separation distance does. This effect is a result of the fact that

the radiation resistance becomes asymptotically zero for an
EHD on top of a ground plane. Nevertheless, we note that
the maximal cross-polarized backscattering cross-section for
the theoretical MHD configuration is only 0.7162, and the
lossy EHD reaches that value for a separation distances around
d = 0.015λ. Therefore, these numerical simulations show that
lossy electric dipole antennas, with their enhanced directivity,
actually provide a higher backscattering even for relatively
small separation distances.

On the other hand, our results suggest that MHD elements
should be selected for extremely low profiles, provided that a
planar MHD design is available. In order to shed more light
into this point, we have designed and numerically simulated
a small cross-polarized backscatterer whose response can be
approximated by that of two crossed MHDs. The backscatterer
consists of a copper capacitively loaded loop printed on the
top surface of a Rogers DuroidTM copper-cladded substrate,
as shown in Figs. 5(a) and 5(b). Similar to the practical
implementation for the EHD case, the entire structure of the
backscatterer is contained within a radius of 15 mm. The fields
scattered by this element are similar to those of two crossed
MHDs except for the fact that the maximum directivity of each
dipole is 1.90 instead of 1.5, due to its geometry and nonzero
geometrical size. The desired cross-polarized backscattering
performance is obtained by means of a 45◦ rotation of the
loop with respect to the direction of the incident electric field.

As schematically depicted in the top panel of Fig. 5(a), the
geometry of a realistic loop with a magnetic dipole moment
parallel to the ground plane occupies a certain area that limits
how close to the ground plane the center of the scatterer can
be. However, an equivalent performance to that obtained for
the zero distance d = 0 case can be achieved by cutting
this structure in half. The resulting structure, schematically
depicted in the bottom panel of Fig. 5 (a), relies on the fact
that the image in the ground plane reproduces the original
geometry.

Fig. 5(d) shows the numerically simulated cross-polarized
backscattering cross-section and the theoretical upper bound
in both the lossless and lossy implementations of the magnetic
resonator in front of a ground plane. An excellent agreement
is observed between the theoretical and numerically simulated
results, demonstrating that the proposed theory can be applied
to scatterers whose response can be approximated by that
of crossed MHDs. As expected, the magnetic resonator is
less affected by losses than its electric counterpart for small
separation distances. Similarly, no dramatic decrease of the
bandwidth is observed for small separation distances, as shown
in Fig. 5(c).

However, this numerical example reaffirms the theoretical
conclusion that the backscattering from a MHD in the presence
of a ground plane is smaller than its electric counterpart. In
addition, analyzing a realistic implementation highlights that
designs inspired by the MHD configuration might in practice
require a higher profile. For example, due to the nonplanar
shape of the MHD, the total profile for the d = 0 case
is actually comparable to the EHD case with d = 15mm.
To sum up, our theory and numerical simulations show that
lossy electric dipole antennas, with their enhanced directivity,
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Fig. 5. A magnetic resonator located at a distance d from a ground plane
and printed on the surface of a dielectric sheet. It is excited a plane wave
whose electric field is polarized at 45 degrees with respect to the plane of
the resonator in order to obtain a cross-polarized performance. (a) ANSYS
high frequency structure simulator (HFSS) model. (b) Top-view and additional
details of the element’s geometry. Relevant design parameters in millimeters
(mm) are: W = 1, r1 = 13, r2 = 15, g1 = 5.7 and g2 = 0.4. The
scattering element is printed as 70µm thick copper traces on the top surface
of a 0.254 mm thick Rogers RO5880 substrate whose dielectric constant
is 2.2 and loss tangent is 0.0009. (c) Cross-polarized backscattering cross-
section as a function of frequency for different distances from the ground
plane. (d) Comparison of the cross-polarized backscattering cross-section
predicted for the magnetic resonator in its lossless and lossy implementations
and the theoretical upper bound of the cross-polarized backscattering cross-
section. It has been scaled to account for its maximum free-space scattering
directivity, 1.90, associated with its geometry and nonzero geometrical size.
The wavelength at the resonance frequency λr is defined as the wavelength
at the resonance peaks.

actually provide a larger backscattering response even for
relatively small separation distances. Therefore, both local
field interactions and interference phenomena must be taken
into account in practice to determine the optimal choice of the
radiating/scattering elements.

B. Huygens source antennas

Another design strategy for highly-directive electrically
small antennas is that of Huygen’s source antennas (HSAs)
[35]–[37]. The HSAs are properly balanced combinations of
orthogonal EHD and MHD radiators. They are characterized
by a cardioid radiation pattern with a peak directivity of 3,
being the maximal value that can be obtained without the
excitation of higher-order modes. Moreover, this directivity en-
hancement of the HSAs is not penalized in terms of bandwidth
and efficiency when compared to individual EHD and MHD
radiators. For these reasons, HSAs have been investigated in
a number of systems, including low-profile [38], non-Foster
[39], reconfigurable [40], on-chip [41] and wireless power
transfer [42] antennas.

Unfortunately, the integration of a HSA with a ground plane
is not a trivial task. The main difficulty arises from the fact
that EHD and MHD have images of opposing polarity in the
ground plane. Consequently, their optimal combination can
be very different from that in free-space. In the following,
we report the directivity of HSAs integrated with a ground
plane, as well as the upper bound on the cross-polarized
backscattering cross-section that can be obtained with systems
whose response can be approximated by a combination of
Hertzian dipoles.

As schematically depicted in Fig. 6(a), we consider a HSA
constructed as the combination of an EHD and a MHD placed
at a distance d from a ground plane whose current moments
are orthogonal and parallel to it. Performing the necessary
integrations to obtain the far-field power, it is found that
the directivity of the HSA-ground plane combination can be
explicitly written as:

DHSA (x̂) =

4
|a1|2 sin2

(
γ
2

)
+ |a2|2 cos2

(
γ
2

)
+ β(a1,a2)

2 sin (γ)

|a1|2 α1(γ) + |a2|2 α2(γ) + β(a1, a2)
(

sin γ
γ2 − cos γ

γ

)
(15)

where a1 and a2 are the excitations coefficients of the EHD
and MHD, respectively, and the following definitions have
been introduced:

β (a1, a2) = a1a
∗
2 + a2a

∗
1 (16)

α1 (γ) =
2

3
− sin γ

γ

(
1− 1

γ2

)
− cos γ

γ2
(17)

α2 (γ) =
2

3
+

sin γ

γ

(
1− 1

γ2

)
+

cos γ

γ2
(18)

For a conventional HSA with balanced EHD and MHD
elements, i.e., with a1 = a2, the directivity (15) reduces to

DHSA (x̂)|a1=a2 = 2
1 + sin γ

2
3 + sin γ

γ2 − cos γ
γ

(19)

This directivity and the associated upper bound on the
cross-polarized backscattering cross-section are depicted in
Figs. 6(b) and 6(c), respectively, as functions of the separation
distance d. For large separation distances giving γ � 1, the
directivity of the conventional HSA reduces to 3 (1 + sin γ),
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Fig. 6. (a) Sketch of a Huygens source antenna (HSA), consisting of a
pair of orthogonal electric Hertzian dipole (EHD) and magnetic Hertizan
dipole (MHD) elementary sources placed at a distance d from the ground
plane with their current moments oriented parallel to it. (b) Directivity of the
conventional HSA, with balanced electric and magnetic dipoles, a1 = a2, and
the optimized HSA as functions of the separation to the ground plane distance
d. The optimal coefficients were found by solving a generalized eigenvalue
problem (20). (c) Upper bound of the cross-polarized backscattering cross-
section for antenna systems whose scattering response can be approximated
by that of both elementary electric and magnetic dipole sources.

i.e., it exhibits a simple sinusoidal behavior. On the other hand,
for small separation distances where γ → 0, it converges to
3, i.e., the same value as that of the directivity of a MHD
near the ground plane. This result stems from the fact that
the power radiated by an EHD vanishes near the ground
plane. Therefore, the response of the system for fixed current
moments asymptotically approaches that of the MHD. These
results show that the conventional HSA does not provide any
directivity enhancement when it is placed in close proximity
to a ground plane. They also indicate that a substantially larger
electric current moment would be needed in order to observe

consequential interference effects arising from the interplay
between the electric and magnetic dipoles of a HSA placed
near a ground plane.

For these reasons, we focus on finding the optimal complex
coefficients, a1 and a2, that maximize the directivity of the
system. To this end, we rewrite Eq. (15) in the form of a
generalized Rayleigh quotient, whose maximization can be
cast as a generalized eigenvalue problem [43], [44]:

D (x̂) =
a† · F (x̂) · a
a† ·H · a

(20)

where a = [a1, a2]
T is the excitation vector. The terms F and

H are 2 × 2 (symmetric and positive semidefinite) matrices
defined as:

F (x̂) = 4

 sin2
(
γ
2

)
sin
(
γ
2

)
cos
(
γ
2

)
sin
(
γ
2

)
cos
(
γ
2

)
cos2

(
γ
2

)
 (21)

H =

 α1 (γ)
sin γ
γ2 − cos γ

γ

sin γ
γ2 − cos γ

γ α2 (γ)

 (22)

The directivity resulting from this optimization process, as
well as the associated upper bound on the cross-polarized
backscattering cross-section, as functions of the separation
distance d are reported in Figs. 6(b) and 6(c), respectively. For
large separation distances, γ � 1, the directivity converges
to the constant value 6. This behavior can be explained as
follows.

First note that in the limit γ → ∞ the directivity (15)
becomes

lim
γ→∞

DHSA (x̂) = 6

∣∣a1 sin (γ2 )+ a2 cos
(
γ
2

)∣∣2
|a1|2 + |a2|2

(23)

Equation (23) shows that the cross-terms only contribute to
the numerator, i.e., the total power radiated by the EHD and
MHD decouples, similar to the free-space case. Therefore, the
directivity is simply maximized when the fields radiated in
the end-fire direction add in phase. In particular, it can be
found from Eq. (23) that the optimal coefficients are given by
a1 = sin(γ/2) and a2 = cos(γ/2). Therefore, the optimal
value for the directivity is DHSA (x̂) = 6 for large separation
distances. This outcome equals that of the peaks of the EHD
and MHD directivities in the same regime. Nevertheless, the
proper combination of EHD and MHD makes it possible to
obtain that same value for any separation distance in the γ � 1
regime.

For small separation distances where γ → 0, Fig. 6(b) shows
that the directivity converges to an optimal value of 8, which
is only slightly larger than the 7.5 that was obtained for the
EHD alone. Additional insight on this value can be obtained
by noting that in the γ → 0 limit Eq. (15) reduces to

lim
γ→0

DHSA (x̂) = 4
|a1|2

(
γ
2

)2
+ |a2|2 + β(a1, a2)

γ
2

2
15 |a1|

2
(γ)

2
+ 4

3 |a2|
2
+ 1

3β(γ)
(24)
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From Eq. (24) it can be found that the optimal coefficients in
the γ → 0 limit are given by a1 = −10a2/γ.

This solution confirms that the electric current moment has
to be increased as the separation distance decreases in order
to observe interference phenomena between the fields radiated
by the EHD and MHD sources. In addition, it clearly shows
that the optimal configuration is very different from that of
the conventional free-space HSAs. In fact, the combination
of EHD and MHD with a1 = −10a2/γ coefficients in free-
space maximizes the radiation in the direction r̂ = x̂. More-
over, these optimal coefficients lead to a maximal directivity
DHSA (x̂) = 8 that is only slightly higher than that of an EHD
DEHD (x̂) = 7.5. Therefore, our analysis concludes that an
optimized, balanced combination of an electric and magnetic
dipole in the proximity of a ground plane does not provide
a significant enhancement of the directivity of the end-fire
radiation as it does in free-space. Consequently, this strategy
in the design of cross-polarized tags has limited applicability,
particularly considering the complexity involved in the design
of an optimized HSA that must operate with both polarizations
to generate a cross-polarized backscattering signal.

C. End-fire arrays
Superdirective end-fire arrays are one of the classic ap-

proaches to achieve an enhanced directivity. Starting with the
early work by Uzkov [45], which demonstrated that the direc-
tivity of an end-fire array of N isotropic radiators converges
to N2 as the separation between the elements tends to zero,
the radiation [46] and scattering [25] performance of end-
fire arrays has been actively investigated. In fact, it has been
demonstrated that electrically small end-fire arrays provide the
highest achievable directivity for any 3D configuration with
a fixed number of radiators [47]. Admittedly, the practical
implementation of superdirective arrays is hindered by their
sensitivity to dissipation losses and fabrication tolerances.
Nonetheless, there have been a number of successful exper-
imental demonstrations of electrically small end-fire antenna
arrays [48]–[53]. We have analyzed their performance when
integrated with a ground plane and have obtained the corre-
sponding upper bound of the cross-polarized backscattering
cross-sections.

1) End-fire array of EHDs: Fig. 7(a) depicts the geometry
of an end-fire array of N electric Hertzian dipoles whose
current moments are parallel to the Z-axis, Idln = ẑ an I0dl ,
and are separated by the constant separation distance, 2d, along
the X-axis. The first element is placed at a distance d from
the ground plane, i.e., rn = x̂ (2n− 1) d with n = 1, . . . , N .
The directivity of this end-fire array can again be written
as a generalized Rayleigh quotient following Eq. (20), where
a = [a1, . . . , an]

T is now the excitation vector and the
elements of the F (r̂) and H matrices are given by

Fmn (r̂) = 2 sin2 θ sin (cn sin θ cosφ) sin (cm sin θ cosφ)
(25)

Hmn =
1

2
(
c−mn

)3 [((c−mn)2 − 1
)
sin c−mn + c−mn cos c

−
mn

]
− 1

2
(
c+mn

)3 [((c+mn)2 − 1
)
sin c+mn + c+mn cos c

+
mn

]
(26)

Fig. 7. (a) Sketch of an end-fire array of N EHD dipoles separated by a
constant distance 2d with the first element placed at a distance d from the
ground plane. (b) Maximum directivity of this configuration in the end-fire
direction. (c) Upper-bound of the cross-polarized backscattering cross-section
as a function of the separation distance for arrays of N = 1, 2 and 3 elements.
It was obtained by numerically solving the associated generalized eigenvalue
problem.

where the terms cn =
(
n− 1

2

)
γ and the off-diagonal coeffi-

cients c±mn = |cm ± cn|. The diagonal elements with n = m
are

Hnn =
1

3
− 1

2
(
c+nn
)3 [((c+nn)2 − 1

)
sin c+nn + c+nn cos c

+
nn

]
(27)

Figs. 7(b) and 7(c) show the maximal directivity obtained
in the end-fire direction, r̂ = x̂, and the upper-bound of the
cross-polarized backscattering cross-section, respectively. The
latter was computed by numerically solving the associated
generalized eigenvalue problem. Both figures of merit are
depicted as functions of the separation distance d for arrays
of N = 1, N = 2 and N = 3 elements. At large
separation distances, the directivity is again characterized by
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an oscillatory behavior with peak values equal to 6N at the
points where constructive interference in the end-fire direction
occurs. Even higher values are obtained in the small separation
limit with directivities of 7.5, 22.70 and 45.88 for the arrays
with N = 1, 2 and 3 elements. Consequently, arrays of 2
and 3 elements result in enhancement factors of 9.18 and
37.45 for the cross-polarized backscattering cross-section. In
conclusion, the cross-polarized backscattering cross-section
can be significantly enhanced even by using arrays with a
small number of elements.

In view of these positive theoretical results, there is a clear
motivation to numerically verify how this enhancement can be
obtained and to determine what the impact of loss is on its
practical implementation. However, the design of electrically
small superdirective arrays is not without challenges. First,
we note that the theoretical upper bound is obtained by
means of an optimization procedure that identifies the optimal
excitation coefficients for the dipoles. Therefore, each point
of the theoretical curve in Fig. 7 implies carrying out a dedi-
cated design providing the proper combination of excitation
coefficients, including the task of managing the influence
of the ground plane and the coupling between the dipoles.
As an illustrative example, we have numerically simulated
an array of two identical electric dipoles, using the same
element geometry as in the EHD case, Fig. 4. This dipole
end-fire array configuration is shown in Figs. 8(a) and 8(b).
The simulation results are included in Fig. 8(c). The obtained
values of the cross-polarized backscattering cross-section are
close, but slightly below the upper bound. As anticipated,
matching the upper bound requires a dedicated design for
each separation distance, particularly within the superdirective
regime.

At the same time, our particular design closely approaches
the optimal configuration near d = 0.2λ, where the predicted
value for our design is 24.22. This peak value is 4.36 times
larger than the optimal value predicted for a single element in
the d → 0 limit in Fig. 4. In addition, this value represents a
1.63 times enhancement with respect to the theoretical upper
bound for the local maxima at larger separation distances
that correspond to the conventional array configurations based
on constructive interference. In this manner, this example
serves to validate that superdirective arrays enable an en-
hanced backscattering cross-section with a reduced profile.
In addition, the numerical simulations reveal that losses do
not have an acute detrimental effect for this particular design.
However, it is expected that superdirective designs with an
even smaller separation distance will be more strongly affected
by dissipation losses.

2) End-fire array of MHD: Although end-fire arrays of
EHDs provide high directivities in the small distance of
separation limit, the fact that the radiation from all of the
elements tends to zero hinders their practical implementation
if a deeply subwavelength profile is required. On the other
hand, an array of MHDs would be a preferred alternative for
such a very low-profile configuration as an extrapolation from
the end-fire array of EHDs treated above. The possibility that
this configuration would indeed provide a high directivity is
considered with the end-fire array of MHDs having the same

Fig. 8. Simulated performance of a two-element end-fire array of EHDs
located at a distance d from a ground plane with a separation distance
2d between both dipoles. The elements in the array are asymmetric cross-
polarized backscatterers printed on the surface of a dielectric sheet. The array
is excited by a plane wave with its electric field polarized parallel to the axes
of the dipoles. (a) ANSYS high frequency structure simulator (HFSS) model.
(b) Top-view and additional details of the element’s geometry. Relevant design
parameters in millimeters (mm) are: W = 1.5, r1 = 13.5 , r2 = 15 and
g = 0.4. The scattering element is printed as 70µm thick copper traces on
the top surface of a 0.254 mm thick Rogers RO5880 substrate whose dielectric
constant is 2.2 and loss tangent is 0.0009. (c) Cross-polarized backscattering
cross-section as a function of frequency for different separations to the ground
plane. (d) Comparison of the cross-polarized backscattering cross-section
predicted for the end-fire array in its lossless and lossy implementations
and the theoretical upper bound of the cross-polarized backscattering cross-
section, scaled to account for the maximum free-space scattering directivity
of the dipoles. The wavelength at the resonance frequency λr is defined as
the wavelength at the resonance peaks.

configuration studied as the EHDs in Fig. 9(a). The associated
F (r̂) and H matrix elements are:

Fmn = 2 sin2 θ cos (cn sin θ cosφ) cos (cm sin θ cosφ) (28)

Hmn =
1

2
(
c−mn

)3 [((c−mn)2 − 1
)
sin c−mn + c−mn cos c

−
mn

]
+

1

2
(
c+mn

)3 [((c+mn)2 − 1
)
sin c+mn + c+mn cos c

+
mn

]
(29)

Hnn =
1

3
+

1

2
(
c+nn
)3 [((c+nn)2 − 1

)
sin c+nn + c+nn cos c

+
nn

]
(30)

Figs. 9(b) and 9(c) show the obtained maximal directivity
in the end-fire direction (r̂ = x̂) and the upper bound for the
cross-polarized backscattering cross-section. Again, they are
computed by numerically solving the associated generalized
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eigenvalue problem. The results are depicted as functions of
the separation distance d for arrays of N = 1, N = 2 and
N = 3 elements. The behavior at large separation distances is
characterized by oscillations exhibiting peaks with a 6N value
as was found for the EHD end-fire array.

Fig. 9. (a) Sketch of an end-fire array of N MHD dipoles separated by a
distance 2d, with the first element placed at a distance d from the ground
plane. (b) Maximum directivity in the end-fire direction and (c) upper-bound
of the cross-polarized backscattering cross-section, obtained by numerically
solving the associated generalized eigenvalue problem, as a function of the
separation distance, and for arrays of N = 1, 2 and 3 elements.

It can also be concluded from these figures that the maxi-
mum directivity is observed in the vicinity of the ground plane
for MHD arrays of N = 2 and N = 3 elements, unlike the
behaviour for a single MHD. Specifically, the values of the
directivity in the γ → 0 limit are 3, 14.12 and 33.29 for the
arrays of N = 1, 2 and 3 elements. This result suggests that
end-fire arrays of MHDs should be considered for the practical
realization of cross-polarized backscatterers. For example, the
directivity of an end-fire array of 2 MHDs is larger than that
of a single EHD. Thus, the array might represent a very
competitive strategy for the design of cross-polarized tags

integrated on top of a ground plane provided that low-profile
designs for the MHD resonators can be identified.

Fig. 10. (a) Sketch of three end-fire arrays of N = 3 MHD dipoles oriented
parallel to the ground plane and positioned in different configurations with d
representing the length-scale factor for the separation distance between the
elements. (b) Maximum directivity in the end-fire direction as a function
of the length-scale factor d obtained by numerically solving the associated
generalized eigenvalue problem. The numerical results clearly demonstrate
that the directivity in the d → 0 limit is the same independent of the
positioning configuration.

To finalize our analysis, it is noted that we have chosen a
specific array geometry that preserves a constant separation
distance between the entire array including the radiating
elements and their images in the ground plane. Therefore, it
was important to consider how this specific choice affects the
reported conclusions. To shed more light on this issue, Fig. 10
depicts the directivity obtained for three different arrays of
N = 3 MHD dipoles integrated with a ground plane that have
different positioning configurations. It is concluded from the
figure that changes in the position of the elements critically
affects the maxima and minima of the directivity observed
in the d/λ � 1 limit. At the same time, all of the tested
configurations converge to the same value for the directivity
in the d → 0 limit. Therefore, it can be stated that the
conclusions previously drawn for the very low-profile end-
fire arrays will hold quite independently of their uniform or
non-uniform configurations.
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IV. CONCLUSION

It was demonstrated that highly-directive scattering systems
provide a superior cross-polarization backscattering perfor-
mance when their scatterers are integrated with a ground
plane. An analysis based on the optical theorem indicates
that the projection of the scattered field onto the reflected
field is essential to enable an efficient extraction of energy
from any number of scattering processes. The analysis was
particularized to the case of cross-polarized specular reflection.
It provides useful design guidelines for scatterers inspired by
well-known basic antennas. For example, it was concluded that
EHD scatterers theoretically provide larger cross-sections than
their magnetic counterparts due to their higher directivity. It
was shown that the use of Huygens source systems and/or
optimal combinations of EHD and MHD scatterers do not
provide a significant enhancement with respect to the perfor-
mance of individual elementary dipoles. On the other hand, it
was demonstrated that end-fire arrays can provide a significant
enhancement even for two-element arrays.

The theoretical upper bounds were tested numerically with
both realistic symmetric and asymmetric single elements and a
two-element array of the asymmetric element in the presence
of a ground plane. These cross-polarized backscattering exam-
ples reached the upper bounds, confirming their efficacy. Their
lossless and lossy versions helped characterize issues in the
superdirective regimes. We believe that our theoretical results
and pathfinder elements will find applicability in the design
of electrically small scattering systems for different sensing,
storage and communication applications.
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