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Collecting energy from electromagnetic radiation in dynamic environments is challenging because most
harvesting structures are sensitive to the orientation of the polarization state. Here, we show that a
subwavelength chiral structure can uniformly collect power from all orientations of a polarization state.
Engineering the chirality of the structure exchanges the dependency on orientation with a dependency on
field helicity, and results in a chiral enhancement effect in a circularly polarized field of the same
handedness. We demonstrate enhanced energy harvesting with the chiral structures by wirelessly powering
light-emitting devices in a radiative field.
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I. INTRODUCTION

Methods for harvesting energy from radio-frequency
electromagnetic radiation have received much renewed
interest, motivated by applications in wireless powering
[1–12]. An integral component in such systems is the
harvesting structure, which extracts energy from the inci-
dent radiation and delivers it to a load. Early systems used
conventional antennas integrated with rectifying circuits for
power conversion, but are challenging to miniaturize
because the dimensions must be comparable to the wave-
length [2]. Recent work has focused on subwavelength
structures for both single-element and array-based harvest-
ing systems [4–12]. Although substantial progress has been
made in optimizing the spatial and frequency response of
these structures, the polarization response has been limited
to a characteristic electric or magnetic dipole in which
energy is efficiently collected only when the structure is
aligned with the orientation angle θ of the incident
polarization state. A widely used scheme to circumvent
this limitation is to employ circularly polarized radiation,
but the collected power is halved for all orientation angles
[6]. This sensitivity to polarization limits the performance
of energy harvesting systems in dynamic environments
where the orientation of the device is variable, such as when
powering moving devices or biomedical implants [13,14].
Here, we demonstrate subwavelength structures that

collect energy uniformly for all orientations of the incident
polarization state. By engineering the chiral response of a
subwavelength helix, we show that the dependency on the
orientation angle θ can be exchanged with a dependency on
helicity χ, which is invariant under rotation. In contrast with
nonchiral structures, the energy extracted from a CP field
of the same handedness is twice that independently
collected from the structure’s dipole components. We

demonstrate the use of these structures in energy harvesting
systems by wirelessly powering light-emitting devices in
both a linearly polarized (LP) and CP radiative field.

II. CHIRAL STRUCTURES

An object is electromagnetically chiral if it interacts
differently with left- and right-hand CP radiation [15]. In
radio-frequency and optical systems, engineering the chiral
response of structures has enabled unusual properties such
as zero backscattering [16,17], broadband absorption in
thin sheets [18], and enhanced selective excitation of chiral
molecules [19–22]. The chiral response can be tuned by
modifying the magnetoelectric polarizability of a structure,
without the need for bulky phase-delay components used
in conventional CP detectors and antennas. We use this
property to design subwavelength structures that collect
energy independently of the orientation of the field
polarization.
Figure 1(a) illustrates a radiative field normally incident

on a chiral energy harvesting structure. Except when
circularly polarized, the field has an orientation θ defined
as the angle between the major axis of the polarization
ellipse and the axis of the harvesting structure. The axis of
the structure is aligned with the vectorial port across which
the electrical load is placed and is well defined irrespective
of the shape symmetry of the structure. The polarization
response of a chiral and nonchiral structure is shown in
Fig. 1(b) on the Poincaré sphere. Every point on the sphere
corresponds to an incident polarization state whose ori-
entation angle is represented by the azimuthal angle 2θ and
helicity by the altitudinal angle 2χ. The response of the
nonchiral structure, such as an electric or magnetic dipole,
exhibits a strong dependency on θ (null when the field is
linearly polarized in a direction orthogonal to the axis of the
structure), but no dependency on χ. Chirality exchanges the
dependency on orientation θ with a dependency on helicity
χ through a π=2 rotation on the Poincaré sphere. The chiral*johnho@nus.edu.sg
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structure collects equal energy for all orientations θ of a
particular polarization state, with the maximum occurring
when the incident field is circularly polarized with the same
helicity and null when the field has opposite helicity.
Because helicity is invariant under rotation, energy harvest-
ing with the chiral structure is insensitive to polarization
alignment.
To design the chiral response, we consider a subwave-

length structure subject to a time-harmonic electromagnetic
field with time dependency e−iωt. In general, the induced
electric and magnetic dipole moments p andm are given by

�
p

m

�
¼
�

α̂e −iα̂c
iα̂c α̂m

��
E

H

�
; ð1Þ

where α̂e is the electric polarizability, α̂m the magnetic
polarizability, and α̂c the magnetoelectric cross polariz-
ability. The form of the matrix is determined by reciprocity
considerations. We describe the interaction of the structure
with a CP field by rotating the electromagnetic field onto

the Riemann-Silberstein basis F� ¼ ðE� iηHÞ= ffiffiffi
2

p
,

where η is the free-space impedance, and the dipole
moments onto the combinations d� ¼ ffiffiffi

2
p ðp� im=ηÞ,

which radiate strictly right- or left-handed CP fields
[15]. The resulting polarizability matrix is given by
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Equation (2) shows that the structure exhibits a differential
response to right- and left-hand CP radiation when the
cross polarizability is nonzero, with bias determined by the
sign. This dissymmetry is maximized when

α̂e ¼
α̂m
η2

¼ � α̂c
η
: ð3Þ

The first condition diagonalizes the polarizability matrix so
that fields with different handedness are not mixed by
scattering from the structure, while the second nulls the
response to radiation of a particular handedness. As a
consequence of reciprocity, minimizing the interaction with
radiation of one handedness also maximizes interaction
with radiation of the opposite handedness.
We now show that the chiral structure satisfying Eq. (3)

exhibits enhanced performance in a CP field and orienta-
tion insensitivity in a LP field. The time-averaged power
collected by the structure is given by

hPi ¼ hPþi þ hP−i ¼
ω

2
ImfF�þ · dþ þ F�

− · d−g: ð4Þ

We consider dyadic polarizability tensors for simplicity,
denoting the structure axis by the unit vector e0 and the
real and imaginary parts of the scalar polarizability by
α ¼ α0 þ iα00. For a CP field, only one of the Riemann-
Silberstein vectors is nonzero, and the collected power can
be expanded using Eq. (2) and the identity jF� · e0j2 ¼
jF�j2=2 as

hP�
CPi ¼

ωI0
2

�
α00e
2
þ α00m
2η2

� α00c
η

�
; ð5Þ

where I0 ¼ jF�j2 is the incident power density. Applying
Eq. (3) with the same choice of sign for the field helicity
and the cross polarizability, the collected power is found to
be twice the sum of the independent contributions from the
independent electric and magnetic dipole moments with
α00c ¼ 0. The opposite choice of sign, on the other hand,
results in zero collected power, which is consistent with
the null response. For a LP field, we have Fþ ¼ F�

− and
the incident field can be decomposed into left- and right-
handed CP components with phase difference ei2θ.
Denoting the power density as I0 ¼ ðjFþj2 þ jF−j2Þ=2,
the collected power is given by

(a)

(b) ChiralNonchiral

0 1

Collected power (arb. units)

(c)

0

Chiral (CP)

Nonchiral (LP)

Collected power (arb. units)
0 10.5

Chiral (LP)

FIG. 1. Polarization response of chiral structures. (a) Electric
field component of elliptically polarized radiation normally
incident on a harvesting structure. The polarization state has
an orientation angle θ relative to the axis of the structure and
helicity χ. (b) Response of a chiral and nonchiral structure on the
Poincaré sphere. The polarization state is represented by a point
on the sphere with azimuthal angle 2θ and altitudinal angle 2χ.
(c) Collected power as a function of orientation θ for the chiral
and nonchiral structure in a LP field and CP field of the same
handedness as the structure.

ZHENYA DONG, FENGYUAN YANG, and JOHN S. HO PHYS. REV. APPLIED 8, 044026 (2017)

044026-2



hPLPi ¼
ωI0
2
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2η2
ð1 − cos 2θÞ

�
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which depends on θ but is independent of the field helicity.
Remarkably, the dependency on θ is eliminated when
Eq. (3) is satisfied. The performance in this case does
not exhibit chiral enhancement, and the collected power is
half that of the maximum in a CP field. The maximum
power can be recovered by orienting p in the direction of E
and m orthogonally in the transverse plane in the direction
of H, such as in Ref. [23], although the resulting polari-
zation response exhibits a dipolar dependency on θ.

III. RESULTS

To design a chiral structure satisfying Eq. (3), we begin
with analytical approximations for the polarizability of a
subwavelength helix (see Refs. [16,24]). Because the helix
is constructed from a single conductor, the second con-
dition in Eq. (3) is automatically satisfied when the first
polarizability condition holds [16]. Using these dimensions
as a starting point, we numerically simulate the power
extracted by structure from a LP plane wave at normal
incidence (CST Microwave Studio) and tune the diameter
and height of the helix until the power collected from the 0
and π=2 orientations are equal (4 turns, 7-mm diameter,
7-mm length). We experimentally realize the structure by
winding enameled copper wire and connecting the termi-
nals of the wire to a circuit consisting of a rectifier (two-
stage voltage doubler) and red light-emitting diode (LED),
which enables energy harvesting to be visualized.
The incident field is generated by a cylindrical leaky

cavity resonator (f0 ¼ 1.5088 GHz) in which the polari-
zation state can be controlled by the tuning of the relative
amplitude and phase of the signals exciting two orthogonal

ports. A LP field is generated by driving the ports in phase
and CP by applying equal amplitudes with a π=2 phase
difference—the handedness is determined by the rotational
direction of the phase difference. We place the chiral
structure 14 cm (∼0.7λ) above the cavity where the trans-
verse components of the field have a measured impedance
of η ¼ 378 Ω, indicating that the field is predominantly
radiative. The longitudinal component of the field is
orthogonal to the structure axis and contributes negligibly
to the power delivered to the load. We compare the
harvested power by recording the LED intensity with a
camera and calibrating the values by wirelessly powering
the LED at different output power levels. This optical
measurement scheme avoids the use of wire probes, which
perturb the polarizabilities of the structure. Across all
experiments, the power density of the incident field is
normalized at the test position using a power probe.
Figure 2(a) shows the power collected by a left-handed

chiral structure as function of orientation θ in a LP and left-
hand CP field with a measured axial ratio of 0.912. By
comparing the light intensity to a circuit directly powered
by a network analyzer, the efficiency of power transfer to
the structure in a LP field is estimated to be 0.5%. The
transfer efficiency increases by a factor of 2 in the left-hand
CP field of the same power density. In both cases, the
power harvested is nearly uniform as the orientation is
varied from 0 to π; the variation is measured to be 7.5% in
the LP field and 16.1% in the CP field. The variation can be
attributed to nonidealities in the chiral response and in the
rotation apparatus used to vary the orientation. The ori-
entation insensitivity and chiral enhancement of perfor-
mance are visualized in Fig. 2(b) using the relative
intensities of the LED.
We demonstrate helicity dependence in a CP field using

chiral structures of opposite handedness. Figures 3(a)

(b)(a)

FIG. 2. Energy harvesting in a LP andCP field. (a) Simulated andmeasured variation in power harvested by a chiral structure in a LP and
CP field as a function of θ. Both the structure and the CP field are left handed. Solid lines show simulations, markers experimental
measurements, and dashed lines the theoretical power independently harvested by the structure’s constituent electric dipole moment p and
magnetic dipole momentm. (b) Image of the chiral structure in a LP and CP field with orientation θ ¼ 0 and θ ¼ π=2. Scale bar is 1 cm.
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and 3(b) show that the LEDs can be selectively activated by
changing the handedness of the incident field while the
power density incident on the structures is equal. Numerical
simulations in Figs. 3(c) and 3(d) show that there is almost
no current induced on the entire structure of handedness
opposite to the incident field. For both the axially
aligned and axially parallel structures, the separation
distance between the two structures is deeply subwave-
length (0.175λ). We numerically study the minimum
distance at which the helicity selectivity is maintained.
When axially aligned, the structures exhibit an isolation,
defined as the ratio of the harvested power, of more than
20 dB for separation distances greater than 26 mm (0.13λ)
[Fig. 3(e)]. The power harvested is approximately equal
when the distance is less than 20 mm (0.1λ). In the axially
parallel case, the isolation is less than 10 dB when
separation is less than 28 mm (0.14λ), although weak
isolation (> 5 dB) can be maintained as close as 12 mm
(0.06λ) [Fig. 3(f)]. The loss in selectivity can be attributed
to near-field effects between the two structures, which
result in coupling between their dipole moments. The
helicity selectivity enables the structures to be individually
addressed through two independent polarization channels
that do not depend on the orientation angle relative to the
transmitter.

IV. CONCLUSION

We show that the chiral response of a single subwave-
length structure can be engineered to enable a uniform
collection of power from all orientations of an incident
polarization state. Such chiral structures exhibit no depend-
ency on the orientation θ in a LP field and provide
enhanced performance in a CP field of the same handed-
ness in which the collected power is twice that harvested by
the constituent dipole moments. We describe the effect as a
rotation of the polarization response on the Poincaré that
exchanges the dependency on the orientation θ with a
dependency on helicity χ which is invariant under rotation.
In contrast to array-based techniques that combine direct-
current power from multiple structures, the power collected
by the chiral structure is delivered coherently to the
electrical load, which enables fewer components and a
more efficient operation of the harvesting circuit.
Although the chiral response eliminates dependency on

the polarization orientation angle, the structure remains
sensitive to the angle of incidence. An isotropic response
can in principle be obtained with two orthogonally oriented
chiral structures [17], although the overall volumewould be
approximately doubled without increasing the maximum
power that can be collected. Incorporating such chiral
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FIG. 3. Helicity dependence of
the chiral structure. (a),(b) Image
of (a) axially aligned and (b) ax-
ially parallel chiral structures of
opposite handedness (LH, left-
hand; RH, right-hand) in a CP
field. (c),(d) Surface current on
two (c) axially aligned and (d) ax-
ially parallel structures in a left-
hand CP field. The distance
between the coils is 35 mm
(0.175λ). (e),(f) Power harvested
by (e) axially aligned and (f) ax-
ially parallel structures of opposite
handedness in a CP field as dis-
tance between the structures is
varied. Scale bar is 1 cm.
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structures into energy harvesting systems should enable
miniaturization and more robust radiative powering of
moving devices.
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