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Abstract—Metasurfaces are engineered surfaces which exhibit
unconventional electromagnetic properties. Various recent proposals of metasurfaces — many of which are constructed with
micro- and nano- circuit elements — explore possible applications
including arbitrary reﬂection, transmission, focusing, collimation,
and polarization operations on incident electromagnetic waves.
However, possible applications for active and non-planar metasurfaces remain largely unexplored.
In this work we report our study on active Huygens’ metasurfaces which completely enclose an area. We report the theoretical
groundwork, describe the metasurface element and system design,
then showcase simulation and experimental results in generating
an arbitrary waveform within a closed area using the proposed
active closed Huygens’ surfaces. The proliferation of such surfaces
will ﬁnd applications in medical imaging and therapy, power
concentration and electromagnetic characterization.

I.

Fig. 1. A diagram illustrating the equivalence principle for electromagnetic
waves. Subscripts a and b respectively denote electromagnetic ﬁelds within
and without the boundary, n̂ denotes the outward pointing normal, while Js
and Ms denote electric and magnetic surface currents along the boundary.

I NTRODUCTION

Metamaterials — artiﬁcial materials with electromagnetic
properties unmatched in nature — provide new and exciting
possibilities for the manipulation of electromagnetic waves [1].
A type of metamaterials called transmission-line metamaterials
(TLMs) [2] are of speciﬁc interest to electrical engineers,
as they use electrical circuit components to tailor the electromagnetic effect of materials, and achieve useful or exotic
material effects, such as negative refractive index and extreme
anisotropy. The TLM represents a circuit-based paradigm for
analyzing and designing metamaterials and metasurfaces [3]
— 2D equivalents of metamaterials. The developments of
metasurfaces has received much recent interest due to their
relative simplicity compared to their 3D counterparts, which
in most cases lead to reduced fabrication requirement and cost.
In this regard, novel arrangements of 2D RF circuitry
have been employed to build metasurfaces which perform
anomalous refraction, arbitrary reﬂection, near-ﬁeld and farﬁeld focusing and polarization conversion [4]–[11]. Circuit
analogies have also been carried to optical regimes: it has been
established that one can efﬁciently analyze the electromagnetic
response of plasmonic and dielectric materials using circuit
analogies [12]. Through this analogy, optical circuit elements
and antennas have been successfully employed in metasurfaces
which perform many of the aforementioned operations, to
varying degrees of effectiveness [13]–[19]. However, while a
plethora of proposals have emerged regarding passive planar
metasurfaces, the extended realm of possibilities for active

metasurfaces and non-planar metasurfaces remains largely
unexplored.
In this paper we report our progress in investigating wavefront generation using an active and non-planar metasurface.
We call our metasurface an active closed Huygens’ surface: as
a Huygens’ surface it contains electric and magnetic responses
which are spatially orthogonal to one another; as a closed
surface it geometrically wraps around an area of interest within
which an arbitrary ﬁeld distribution can be generated.
II.

F ORMULATION AND D ESIGN

A. Conceptual Overview: A Closed Huygens’ Surface
Fig. 1 depicts electromagnetic ﬁelds inside and outside a
ﬁctitious closed surface which supports the ﬂow of electric and
magnetic currents. The equivalence principle of electromagnetics states that the electromagnetic effect of sources within
an enclosed boundary can be replicated by ﬁctitious electric
and magnetic currents tangential to the boundary [20]. These
electric and magnetic currents are in turn related to the ﬁelds
at the boundary through:
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Js = n̂ × (Hb − Ha )

(1)

Ms = −n̂ × (Eb − Ea ),

(2)

Fig. 3. A diagram showing the active Huygens’ source. (a) A twin current
active Huygens’ source as reported in [21]. (b) A further simpliﬁed Huygens’
source which has been adopted for the present work.
Fig. 2. A diagram depicting the layout of the effective 2D environment,
within which the active closed Huygens’ surface is studied.

Here Ie and Im are current dipole and current loop components
which respectively relate to the electric and magnetic surfaces
currents through:

where Js and Ms represent respectively the electric and
magnetic currents at the boundary surface, the subscripts a
and b denote respectively regions within and without the closed
Huygens’ surface, and n̂ is the outward-pointing normal.
From (1) and (2) one can deduce that, if sources from
either region a or b are removed, such that the ﬁeld vanishes
in that region, one can retain the same ﬁeld in the other
region, by appropriately compensating the electric and magnetic currents along the boundary. This can be achieved by
placing an active Huygens’ surface along the boundary, which
injects the required currents across the surface to produce
corresponding electromagnetic waveforms. In this manner, the
active closed Huygens’ surface can be employed to generate
an arbitrary waveform within a selective region, including
waveforms which would otherwise require unrealistic or hard
to arrange sources (such as sources from inﬁnity).
B. 2D Formulation
For simplicity we study wavefront generation with a
closed Huygens’ surface in a 2D environment, as shown in
Fig. 2. We experimentally facilitate this environment within
a parallel-plate waveguide (formed by two parallel perfect
electric conductor (PEC) plates) with height of h << λ/2,
which renders all electromagnetic ﬁeld components invariant
in the y-direction and restricts the polarization to T EY (i.e.
(Ex , Ez , Hy ) = 0). Within this waveguide, we deﬁne as our
boundary a square of sides 1λ in both x- and z-directions.
To create the active Huygens’ surface along this boundary, we
place 16 Huygens’ source elements at intervals of s = λ/4
along this boundary, in the manner shown in Fig. 2.
C. Huygens’ Source Element
In previous works [21], [22] we proposed two different
elements which sufﬁce as a Huygens’ source in a 2D environment. The more general approach we reported in [21] is
shown in Fig. 3a. This active Huygens’ source includes two
current wires,

Js = Ie /s
Ms = −n̂ ×

jωμIm w
.
s

(5)

(6)

Here Ie and Im denote vectorial current quantities pointing
in the +y-direction as depicted in Fig. 3. n̂ denotes the
outward pointing normal and h, w and s respectively denote
the waveguide height, the width of the current loop and the
separation between adjacent Huygens’ source elements (see
Figs. 2 and 3a). Essentially, this element generates (i) an
effective electric current through co-propagating currents in
wires a and b, and (ii) an effective magnetic current through
counter-propagating currents in wires a and b, which form a
current loop when “connected” through the waveguide’s top
and bottom plates.
While this active Huygens’ source sufﬁces for many applications, we further simplify this by (i) shorting out the effective
electric current with a metallic back wall, and (ii) replacing
the current wire with an electric dipole, which leads to a more
practical implementation. Fig. 3b shows the resulting active
Huygens’ source element we have adopted for simulation and
experimentation in the present work. We emphasize that in this
derivation, excitation to the electric dipole follows the current
weight of the magnetic current Im , not its electric counterpart.
III.

S IMULATION

With 16 dipole antennas, placed λ/4 apart, λ/20 away
from metallic side walls and within a parallel-plate waveguide
of height 38.1 mm we simulate wavefront generation at the
frequency of 1 GHz (i.e. λ = 300 mm).
For a speciﬁc waveform, we ﬁnd the appropriate Huygens’
source currents by requiring that all electromagnetic ﬁeld
components vanish outside the boundary. With this condition,
(1) and (2) can be rewritten as

Ia = 0.5Ie + Im

(3)

Js = −n̂ × H

(7)

Ib = 0.5Ie − Im

(4)

Ms = n̂ × E,

(8)

Fig. 5. A signal ﬂow diagram for the experimental apparatus. Dashed lines
indicate command path. Dash-dot lines indicate DC bias or DC power lines.
Solid lines denote RF signal ﬂow.

Fig. 4.
Full-wave simulation results for wavefront generation using the
active closed Huygens’ surface. The generated waveforms are (a) a travelling
waveform in the z-direction; (b) a travelling wave in a diagonal direction,
45◦ from the x-axis; (c) a standing wave in the x-direction, with electric
ﬁeld maxima very close to the metallic side walls and (d) a superoscillation
wave with a sub-wavelength focus at the image plane z = 0 (denoted by the
white dashed line). For subﬁgures (a) and (b) the real part of the electric ﬁeld
phasor is plotted; for subﬁgures (c) and (d) the electric ﬁeld phasor amplitude
is plotted.

which relate the desired electromagnetic ﬁelds at the Huygens’ surface boundary with currents from which they can be
generated. In particular, equation (8) will be used along with
(6) to ﬁnd the current excitation on the dipoles. In full rigor,
the synthesis of the desired wavefront requires a continuous
current distribution across the boundary contour, which in most
cases would prove impractical. Notwithstanding, when we
place our Huygens’ sources at a separation distance below halfwavelength, the Nyquist criterion ensures that we can faithfully
synthesize the target waveform away from the evanescent nearﬁeld of the Huygens’ source elements.
To numerically verify the synthesis of arbitrary waveforms
within the cavity, we perform full-wave simulations using
the commercial software Ansys HFSS. This software solves
Maxwell’s equations in a user-deﬁned environment using the
ﬁnite element method. In doing so it ﬁnds the electromagnetic
ﬁelds within the cavity which would arise as a result of the
driven dipole sources.
Fig. 4 shows four desired waveforms that we have generated in simulation: (a) a travelling waveform in the z-direction;
(b) a travelling wave in a diagonal direction, 45◦ from the
x-axis; (c) a standing wave in the x-direction, with electric
ﬁeld maxima very close to the metallic side walls and (d)
a superoscillation wave with a sub-wavelength focus at the

image plane z = 0. All these waveforms are unconventional,
in that they cannot be formed by a linear combination of
modes for the simulation environment (a rectangular cavity
surrounded by metallic walls). Particularly, the generation of
the superoscillation waveform within the conﬁnes of the cavity
avoids unwanted high-energy regions of the waveform, and
hence leads to dramatic energy savings and avoids potential
challenges with sensitivity [22]–[25]. Fig. 4 shows indeed the
faithful generation of all designed waveforms. Aside from
areas of very close proximity to individual Huygens’ source
elements, all designed waveforms are almost almost exactly
synthesized.
IV.

P ROGRESS IN EXPERIMENTAL DEMONSTRATION

We are in the process of demonstrating waveform synthesis
using an active closed Huygens’ surface. Fig. 5 shows a
schematic of the experimental apparatus; ﬁg. 6 shows photographs of parts of the experimental apparatus. The experiment is facilitated by an Agilent programmable network
analyzer (PNA). The PNA’s transmitting port sends a 1 GHz
signal through a power ampliﬁer and into a 16-way power
divider. The output channels from the power divider are fed, in
parallel fashion, into a 16-channel RF signal tuner board. This
board introduces a voltage-controlled attenuation and phase
shift to each RF channel. As one alters the bias voltage for the
attenuator and phase-shifters for each channel, the amplitude
and phase of each RF channel can be independently tuned. We
designed and assembled the RF tuner in-house; post-assembly
testing shows proper operation of all RF channels, with an S21
amplitude tunability of about 20dB and a phase range of 360◦ .
This tuning range enables the synthesis of many waveforms
including the ones simulated in the previous subsection.
The RF signals are tuned to achieve the proper signal
weighting for the dipole feed current Im for each Huygens’
source element. Thereafter, these signals are fed to their corresponding Huygens’ source elements within the PEC cavity. We
constructed the cavity using metallic side walls, sandwiched
between two perforated metallic plates. The perforation (a
hexagonal arrangement of holes) does not alter the ﬁeld within
the cavity since the center-to-center distance between adjacent
holes, at 9.525 mm, is signiﬁcantly sub-wavelength. Perforation at the top plate allows for the penetration of a monopole
probe, which detects the electric ﬁeld as a function of location

Fig. 7.
Experimental validation of the cavity measurement setup. (a)
Simulated the electric ﬁeld proﬁle (|E|) for the single-dipole excitation
scenario. The white box indicates the area accessible to the scanner in the
experiment. (b) Experimental measurement of normalized S21 across the
cavity.

Fig. 6. Photographs of parts of the experimental apparatus. Top: The RF
Signal Tuning Circuit. Middle Left: The cavity resting beneath the XYZ
scanner, with the probe station in the foreground and the signal feeding
electronics in the background. Middle Right: A close-up of the RF probe.
Lower Left: A photo of a few Huygens’ source dipoles, seen when one
removes the top plate of the cavity. Lower Right: A Close-up of an individual
dipole circuit.

We introduced a simple active Huygens’ source and used it to
build an active Huygens’ surface in an effective 2D environment. Full-wave simulations conﬁrm the faithful generation of
arbitrary waveforms within a rectangular cavity, including the
generation of “modes” which would not normally exist within
the cavity, and a superoscillation waveform which features
a sub-wavelength spot size without sidebands. Early experimental results are encouraging: a single dipole measurement
matches very well with simulation results. The active closed
Huygens’ source represents a systematic way to synthesize
an arbitrary waveform in a selected region, with wide-ranging
applications in medical imaging and therapy, super-resolution
imaging, power concentration and electromagnetic testing.
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