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Abstract—We develop a reconfigurable reflectarray using digitally addressable complementary electric LC (CELC) metamaterials. The surface is composed of addressable CELC resonators,
which are tuned to achieve a spatial gradient in the reflection coefficient phase angle. This gradient is used to deflect normally incident plane waves in a controlled nonspecular direction.
Index Terms—Frequency selective surfaces, metamaterials,
reflectarrays.

I. INTRODUCTION

E

NGINEERED structures called metamaterials can be
designed to exhibit interesting electric and magnetic
responses typically not observed in conventional materials.
They are typically realized using subwavelength particles with
an electromagnetic resonance [1], [2]. The ability for media
to possess positive and negative values of electric permittivity
and magnetic permeability is useful in a variety of applications,
such as electronic phase shifting and compensation [3], [4]
and forming a perfect lens [5]. The standard metamaterial
particle to achieve a negative magnetic response is the split-ring
resonator (SRR), which is a capacitively loaded loop that is an
effective LC tank circuit when much smaller than the operating
wavelength [2]. The electric counterpart of the SRR is the
electric LC resonator (ELC), which was proposed to achieve a
resonant electric permittivity [6].
Reflectarrays have a wide variety of applications in radar systems and antennas [7], [8] such as radomes [9], reflectors, electromagnetic interference (EMI) shielding, and radar absorbent
materials (RAM) [10], [11]. Typically composed of periodic
two-dimensional arrays of elements with spacing on the order of
, conventional designs employ circular, rectangular dipole,
cross-dipole, tripole, ring, square, and gridded square loop unit
cell geometries [12]. References [13] and [14] develop analytical methods for understanding the transmission and reflection
properties of metamaterial reflectarrays (metasurfaces) in terms
of the unit cell electric and magnetic polarizabilities.
In this letter, we develop a reconfigurable reflectarray using
the complementary ELC resonator (CELC) metamaterial. In
controlled scattering and beam-steering applications, important
figures of merit for reflectarrays are the phase and magnitude
swings in the surface reflection coefficient for each element
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is the range of achievable
in the array. The phase swing
reflection coefficient phase angles, and the magnitude swing
is the range of achievable reflection coefficient magnitudes. To steer incident plane waves over a large range of
directions, it is desirable for each element in the reflectarray to
. An approach to a reconfigurable reflectarray
have a large
beam defleccan be found in [15], which demonstrates a
and
dB at
GHz
tion with
. Recent work on conventional
using a cell spacing of
reflectarrays in [16] reported a phase swing
to
using a
element spacing.
deflect a plane wave
Metamaterial approaches to frequency selective surfaces and
reflectarrays include the work found in [17], which reported
using a tunable elecmaximum beam deflection of
tromagnetic band-gap (EBG) metamaterial approach with an
. Other papers have explored using
element spacing of
different metamaterial configurations [18], [19]. Reconfigurable reflectarrays using microstrip patches loaded with RF
microelectromechanical systems (MEMS) switches have been
(tuned
developed in [20], where it was shown that
dB at
GHz.
in discrete increments) and
The CELC particle is a suitable element to be used in the reflectarray because its reflection characteristics are invariant over
a wide range of incident angles [21], and it can realize a large
. Adhering to
reflection coefficient phase swing
the standard definition of a metamaterial, the CELC is electri. This means that the
cally small with largest dimension
reflectarray can contain a higher density of resonators, which
can yield a steeper phase gradient for a given surface size. Because the single-element spacing is electrically small, the metamaterial reflectarray can more closely approximate a continuous
phase profile than the conventional reflectarray.
II. BEHAVIOR OF THE CELC PARTICLE
The fundamental resonance of the CELC particle is driven
by an in-plane magnetic field, the dual behavior of the ELC
[21]. The resonance of the CELC leads to a transmission magnitude passband, the dual response of its complementary particle,
the ELC [6]. Because of the transmission magnitude passband,
a stopband in the reflection coefficient magnitude is observed.
Near the CELC resonance, the reflection phase changes over a
broad range of angles, and it is this property of the CELC that
we are interested in tuning to control the scattering of incident
electromagnetic energy. We compare the CELC metasurface to
a perfect electric conducting (PEC) sheet, which has a unity
and constant phase
reflection coefficient magnitude
. The difference between the metal plate and the
addressable CELC surface is that the spatial reflection coefficient phase angle of the CELC surface can be controlled, which
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by
, and the radiated power is pro. The angular distribution of the scattered
portional to
fields will consist of one main beam with sidelobes. Selection
is critical in determining the distribution of
,
of the
and this phase profile must obey a certain relationship to shift
the field maximum away from the specular direction. Finding
in (1) will help us locate the directhe critical points of
tions of maximum radiation. Setting
and
(some arbitrary direction we wish to steer the
setting
field maximum to) leads to the phase profile constraint
(2)

Fig. 1. Schematic of a single element used in the addressable CELC reflectarray. The CELC particle on the top layer is loaded with a varactor diode to
tune its self resonant frequency. The FR4 dielectric spacer is used to tune the
resonance as well as absorb transmitted energy. The control board contains the
addressable circuitry used to control each varactor diode. The bias is applied to
each diode using vias from the control board to the CELC reflectarray.

causes incident plane waves to scatter in a nonspecular direction.
This behavior can be exploited in a wide variety of applications
requiring controlled scattering and dispersing of microwave radiation, such as (RCS) control and reduction [22].
The resonant frequency of the CELC particle can be tuned
using a microwave varactor diode. As shown in Fig. 1, the
microwave varactor diode is placed between the two isolated
copper conductors of the CELC so that a reverse dc bias can
be applied. As the reverse bias across the varactor diode is
increased, its capacitance decreases [23]. The varactor tunes
the effective capacitance of the CELC particle, which in turn
tunes its self-resonant frequency. The bias across each cell can
be individually controlled using a one-wire addressable line
[24], which allows the local reflection coefficient phase at any
element across the surface to be independently tuned. This is
useful since tight control over the local reflection coefficient
phase controls the fields scattered from the surface.
III. ANALYSIS OF THE CELC METASURFACE REFLECTARRAY
The surface of CELC elements is treated as a phased-array
antenna, with the incident electromagnetic wave as the source
and the array factor (in the -plane for the feed placed normal
to the plane of the array)

Thus, for a given element spacing and desired beam tilt angle
, (2) predicts the required phase distribution across
the surface to steer the peak scattered field to . Given that
we know from (2) what reflection phase angles are needed to
steer the maximum radiated power in some direction , it is
necessary to know what phase values are accessible with the
varactor-loaded CELC. Ansoft HFSS simulations were used to
determine the CELC element geometry to excite a resonance
between 2–3 GHz. This frequency range was chosen because
of the convenience of free-space measurements. The Skyworks
SMV 1405-079 hyperabrupt junction varactor diode was loaded
on each CELC of the reflectarray. The capacitance of the hyper,
abrupt junction diode follows the form
where is the applied reverse bias,
is the zero-bias capacitance, is the built-in potential across
,
the diode, and is the tuning slope [23]. The parameters
and were determined by fitting
to the data provided
from the SMV 1405-079 data sheet, where it was found that
, and
provided a close fit with
the measured values from the varactor data sheet. The SMV
1405–079 capacitance tunes down from 2.67 to 0.63 pF when
biased from 0–30 V. This CV relation was used to estimate
the varactor bias needed to achieve the necessary capacitance
. The simulated reflection
for the required phase angle
coefficient magnitude and phase for the CELC design of Fig. 1
is shown in Fig. 3. The plots are shown between 2.2–2.3 GHz
for varactor capacitances between 0.936 and 1.038 pF. At
GHz, the reflection phase swing
is over 200 ,
but when the full range of capacitances (0.63–2.67 pF, not
is about 340 . It is also important to note
shown) are used,
at
GHz
the large reflection magnitude variation
is about 20 dB. While this is quite large and unavoidable due
to the resonant nature of the CELC, it does not significantly
affect the peak of the relative scattered power distribution.
leads to larger sidelobe levels and a broader
Such a large
beamwidth, which can be verified by inputting the magnitude
distribution into (1).

(1)
IV. FABRICATION AND MEASUREMENTS
determining the angular distribution of radiated electromagnetic
energy. In (1),
is the total number of elements in the array,
is the free-space wave vector, is the element spacing,
is the phase shift associated with each element, and is the azimuthal angle. In (1), it is assumed that all elements have a unity
amplitude weight. The radiated electric field is related to

For the experiment, a surface consisting of 25 CELCs
(5 5 elements) was fabricated. Vias were drilled from the
control layer behind the copper backplane to the CELC surface
to bias each varactor. The surface (shown in Fig. 2) has a
V (to power the LM-158
control bus containing lines for
AST op-amps),
V (to power the DS-2890’s), one-wire, and

Authorized licensed use limited to: DUKE UNIVERSITY. Downloaded on August 05,2010 at 15:12:03 UTC from IEEE Xplore. Restrictions apply.

72

IEEE ANTENNAS AND WIRELESS PROPAGATION LETTERS, VOL. 9, 2010

j j

Fig. 3. Narrow sweep of 0 and 0 for the varactor-loaded CELC particle
from the HFSS simulation. When the varactor capacitance tunes from 0.63 to
340 at 2.25 GHz (not shown).
2.67 pF, 10



Fig. 2. (Top) Top view of the fabricated CELC metasurface reflectarray. The
surface is 5 5 elements (15 20 cm ), with each element 30 mm wide and
40 mm in height. (Middle) View of the bottom side of the metasurface reflectarray showing the control circuitry. (Bottom) The schematic shows how the
LM-158 AST op-amp is used to amplify the output of the DS-2890.

2

2

ground. The
V and
V lines were connected to separate
dc sources, and the one-wire line was connected to a PC serial
port using a DS-9097U adapter, where software was used to
located and control the state of the 25 digital potentiometers.
The LM-158 AST operational amplifier was needed to provide
an output voltage swing from 0–30 V since the DS-2890 can
V. The noninverting amplifier
only output a maximum of
configuration (with a gain of 6) was used to access the full range
of varactor capacitances (0.63–2.67 pF). Although the unit cell
is slightly large, this is necessary to keep
width
the total reflectarray size greater than
while maintaining
a reasonable number of elements. The unit cell size could be
reduced, but this would increase the total number of unit cells in
the reflectarray, forcing the need for a more complex automated
biasing control network.
The addressable CELC surface was attached to a rotating
Gimbal stage, where WR-340 adapters were used as the transmitting (port 1) and receiving (port 2) ports. Port 1 was placed
illumination of
at a fixed angle for normal incidence
the CELC reflectarray. It was attached to the Gimbal stage and
rotated with the reflectarray. Port 2 was fixed and positioned
away from the Gimbal stage and elevated slightly to stay out of
the shadow region of port 1. As the Gimbal stage rotated through
180 , port 2 received the reflected power with a resolution of 2 .
With port 2 fixed and port 1 rotating with the surface so that
is fixed at 0 , measuring the transmission from port 1 to port 2

Fig. 4. Schematic illustrating how the reflection measurements were made.
Two WR-340 waveguide adapters were used, where S is interpreted as the
reflection off the surface. The picture shows measurements for  = 90 , and
the Gimbal stage rotates counterclockwise to cover scattered angles 90
90 . The shaded area denotes the  -plane. Port 1 was placed approxi
mately 30 cm from the surface, and port 2 was set back about 2 m from the
surface.



0



is effectively measuring the reflection off the CELC surface. A diagram showing how the fabricated addressable CELC
reflectarray of Fig. 2 was measured is shown in Fig. 4. The
Gimbal stage swept through 180 in 2 increments, measuring
, the scattered electric field energy, for
between 2–3 GHz.
The angle-resolved measurements were compared with an
aluminum-plate control surface equal in physical size to the
CELC surface. For the control measurement, it is expected that
the peak reflected signal will occur in the specular direction
. With the width of the aluminum plate being
slightly larger than the free-space wavelength , we expect
with a
the reflected signal to consist of a peak at
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Fig. 5. Scattered electric field magnitude for 10 and 25 steering angles, with
normal plane-wave incidence illumination. Each curve is normalized to the peak
value of the metal plate. The sidelobes present are due to the finite size of the
CELC reflectarray as well as the unequal amplitude weight on each particle.

TABLE I
SURFACE REQUIREMENTS FOR 10 DEFLECTION

TABLE II
SURFACE REQUIREMENTS FOR 25 DEFLECTION
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the required phase (the simulated phase) is also shown, along
with the simulated reflection coefficient magnitude . The cato determine the necpacitance values were plugged into
essary reverse bias across the varactor diodes. Notice how the
peak scattered fields decrease in amplitude with increasing deflection angle, which is due to the decrease in effective area of
the reconfigurable reflectarray relative to the receiving port for
increasing angles of incidence. This scan loss is proportional to
, which is also shown in Fig. 5.
The amplitude of the reflected wave for each CELC particle is
different from unity due to losses in the copper, FR4 substrate,
and varactor diode. Because we are operating near the resonant
changes significantly with bias. In
frequency of the CELC,
reality, (1) is only an approximation to the true radiation pattern since it assumes a unit amplitude weight on each element.
Simulations reveal that for the desired frequency of operation,
the amplitude gradient across the surface is slightly smaller than
20 dB. From (1), it can be seen that a nonuniform spatial distriof this magnitude does not significantly affect the
bution in
position of the radiation peak. It simply changes the level and
shape of the sidelobes. Another cause of the nonnegligible sidelobe levels is error in the reflection coefficient phase angles.
V. SUMMARY
We developed a reconfigurable metamaterial reflectarray to
scatter electromagnetic waves in a nonspecular direction. The
surface consisted of addressable CELC metamaterials, and
tuning the resonant frequency of each CELC to put a gradient
in the reflection coefficient phase resulted in a scattered field
profile that matched very closely with theoretical predictions.
For two different potentiometer configurations, we were able
to steer the peaks in the reflected energy 10 and 25 away
from the specular direction. The large sidelobe levels were
attributed to the nonuniform reflection coefficient amplitude
across the surface as well as errors in the reflection coefficient
phase angles.
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