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Synthesis and Design of Programmable
Subwavelength Coil Array for

Near-Field Manipulation
Fei Gao, Student Member, IEEE, Fushun Zhang, Hiroki Wakatsuchi, Member, IEEE, and

Daniel F. Sievenpiper, Fellow, IEEE

Abstract—We present the design and experimental demon-
stration of a programmable subwavelength coil array, which can
manipulate the evanescent magnetic field leading to a precisely
controlled electric-field pattern at an image plane in the near-field
zone. A synthesis methodology is outlined for 2-D near-field
manipulations. Simulation based on a full-wave electromagnetic
solver clearly demonstrates the focused electric-field pattern,
and its implementation is discussed. An example of a three-layer
subwavelength coil array with 48 units is fabricated and mea-
sured. The consensus of the measured results with the simulated
and synthesized results verified the presented synthesis method.
Such a device, capable of producing a programmable magnetic
field and electric field, respectively, in orthogonal planes, will find
applications in biomedical devices such as neural stimulation, and
potentially other areas such as noncontact charging.
Index Terms—Electrically small, near-field, subwavelength

array, synthesis, transcranial magnetic stimulation (TMS).

I. INTRODUCTION

E LECTROMAGNETIC near-field research has received
considerable attention since Synge showed that detecting

the near-field of an object equates to tapping into the object’s
subwavelength details, which can obtain resolution beyond the
diffraction limit [1]. Experimental verification showing that
near-field imaging is possible has been reported [2], [3]. In ad-
dition to optical imaging, near-field manipulation and focusing
of the electromagnetic field as a key technique in both optical
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and microwave regimes has intrigued scientists and engineers
alike. Techniques for subwavelength focusing in near-field
include superlenses [4], aperiodic gold nanowire arrays [5],
subwavelength spaced slot arrays [6], dielectric gratings [7],
and a near-field plate based on radiationless interference
[8]–[11]. In addition to focusing the electric field, manipulation
of the magnetic field in the near-field zone is also intriguing and
its implementation has been reported [12]–[14]. In principle,
the methodology pertaining to near-field focusing can lead to
all desired near-field patterns based on the complicated design
of a near-field plate. In previous work, a programmable mag-
netic screen controlled by switches surrounding the plate was
designed, which can focus a magnetic field into 256 different
spots [14]. However, it is still difficult to obtain an arbitrary
near-field pattern using the passive near-field plate due to the
limited freedom in adjusting the configuration of the near-field
plate.
Apart from the near-field plate, the development of near-field

targeted antenna arrays is motivated by the increasing interest
in the applications of near-field communication [15]–[18], non-
contact microwave detection systems [19], and vital life detec-
tion systems [20]. Similar to conventional antenna arrays, the
use of more than one source leads to the higher freedom in
design, and more flexible and complex near-field patterns are
obtained compared to the near-field plates [21], [22]. Different
from the far-field zone of the array, the electric field and mag-
netic field have a more complicated relationship, and the ap-
plications based on the electric field or magnetic field in the
near-field zone vary significantly. While near-field arrays are
often applied to the electric field, only few such active arrays
have been suggested for magnetic-field focusing. A 2-D sub-
wavelength array of resonant capacitively loaded loops for mag-
netic-field focusing was presented recently [23]. It seems other-
wise that only symmetrical near-field patterns have been dis-
cussed. Asymmetrical magnetic-field patterns, and the electric
field focusing in terms of position and polarization in the near-
field zone, to our knowledge, has not been demonstrated.
In the field of neuroscience, an important goal is to modu-

late neural activity [24]. The electroencephalogram (EEG) and
functional magnetic resonance imaging (fMRI) provide good
ways to read signals from the brain and efforts are underway
to improve their resolution [25]–[27]. However, noninvasive
methods to precisely write neural signals into the brain are still
lacking. Biomedical applications such as transcranial magnetic
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Fig. 1. Schematic of a possible application of the array for brain stimulation,
and its basic working mechanism. (a) Curved array. (b) Application of the array.

stimulation (TMS), a method for stimulating excitable tissue
with an electric field induced by an external time-varying mag-
netic field, can cause therapeutic effects in the brain [28]. This
technique is used to treat neurological disorders such as depres-
sion. However, presently commercially available TMS systems
using a pair of coils stimulate a region of the brain measuring
roughly several centimeters. Seeking an effective way to pre-
cisely stimulate a small area inside the body is a significant chal-
lenge to existing biomedical devices.
In this paper, we present a new type of three-layer subwave-

length coil array that enables us to pattern the magnetic field
perpendicular to the array, as is shown in Fig. 1. The electric
field or the electric current induced by the patterned magnetic
field can then be precisely controlled, which may provide a new
approach to biological applications of electromagnetics, such
as brain stimulation or a brain/machine interface. A synthesis
process for a 2-D pattern at an image plane for such a 2-D array
is detailed, which allows us to easily obtain the asymmetrical
patterned field in the near-field zone. The focusing performance
of our proposed array is demonstrated numerically and experi-
mentally and it is shown that the measured results are in good
agreement with analytical and simulated results. Moreover, the
presented structure can not only control the position of the fo-
cused electric field, but also its direction, which provides an
additional degree of freedom. This may have the potential to
improve the capabilities of noninvasive brain mapping systems
[27], [29]. It is also found that the patterned magnetic field and
focused electric field are in orthogonal planes. Using the pro-
posed structure would allow for tissue stimulation in complex
spatial patterns and rapid electronic scanning.
This paper is organized as follows. In Section II, a synthesis

procedure to generate a desired electric-field pattern induced
by a patterned magnetic field is discussed. A large matrix con-
taining the near-field information of each element to each point
in two dimensions is built, connecting the current on the coil
to the near-field electric-field pattern. The least squares method
with constraints is used to easily obtain the amplitude and the
phase of excitation for each coil. In Section III, the presented
array is examined through the proposed method and through
full-wave simulations as a more effective and practical method
for generating reconfigurable electric-field patterns. The design
procedure for such a subwavelength array is reviewed, and the
operation and design are verified through full-wave simulations.
A sample of such a programmable three-layer subwavelength

Fig. 2. Configuration of a three-layer subwavelength array. (a) Working area
is marked by a rectangle and the number order of elements used in the synthesis
process. (b) Relationship of adjacent elements on three different layers. The
center points lead to an equilateral triangle.

array of 48 elements is fabricated and measured. All of the sim-
ulations in this paper are implemented by using Ansoft HFSS
15.0, a finite-element-method-based high-frequency structure
simulation package.

II. DESIGN PROCEDURE
In this section, a subwavelength coil array for magnetic-field

and electric-field pattern is presented and a detailed synthesis
process is discussed, which could be extended to other near-field
array applications.
Specifically, the design of the subwavelength array is based

on the concept of sub-diffraction limit focusing and super-direc-
tive arrays, which can help us to focus electromagnetic fields to
much smaller than what is currently possible. Fig. 2 illustrates
the configuration of a three-layer subwavelength coil array in
which the overlapped coils can produce a uniform magnetic-
field distribution shown in the target area [30]. Similarly, the
manipulation of the near field can also be achieved by con-
trolling the excitation of each unit. The challenge to the de-
sign of such a structure is similar to that of super-directive an-
tenna arrays [31], an approach where very dense arrays of an-
tenna elements are used to achieve directivity in the far-field
zone that is greater than what is dictated by the diffraction limit.
Super-directive arrays have been built, but they typically suffer
from high loss and low radiation resistance. The result is that
they are difficult to impedance match, and the gain is reduced
to such an extent that they are impractical for typical antenna
applications such as communications or radar. Although these
same challenges will exist for near-field subwavelength manip-
ulation or focusing arrays, they will not result in practical lim-
itations. First, such a subwavelength coil array is not designed
for long-range communication, we do not need far-field radia-
tion. Also, the efficiency is not an issue for some applications. If
necessary, we can burn substantial power to deliver a few watts
to the target area, which is just a few centimeters away. Fur-
thermore, some TMS systems can use superconductive coils to
minimize losses. Impedance matching is also less of an issue be-
cause the efficiency requirements are not as high as in wireless
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communication and the operating frequencies in TMS systems
up to few hundred MHz at most, where efficient matching cir-
cuits are easily designed. Furthermore, as suggested by Hansen
[31], active circuits may be able to provide broadband matching
for dense arrays. Considering these conditions, the problem is
reduced to that of near-field pattern synthesis.

A. Synthesis Process

As shown in Fig. 3(a), an element, for example the th coil,
can produce an evanescent magnetic field perpendicular to the
array. This characteristic can lead to an unattenuated magnetic-
field penetration. The patterned magnetic field produces con-
trolled electric field or current flow in the target area or the body
tissue. Fig. 3(b) is a typical geometrical arrangement for loop
antenna analysis, where a loop antenna is positioned symmetri-
cally on the – -plane, at [32]. In our research, the wire
is assumed to be very thin, and the current spatial distribution is
given as

(1)

This type of current distribution is accurate enough due to the
low operating frequencies and the loop having a very small cir-
cumference.
To find the near fields produced by this loop antenna, the po-

tential function is given as

(2)

For the circular loop antenna, whose current is directed along
a circular path, it would be more convenient to write the rect-
angular current components in terms of the cylindrical compo-
nents. Then

(3)

It should be emphasized that the source coordinates are desig-
nated as primed and the observation coordinates as
unprimed . For the circular loop, the current is flowing
in the direction so

(4)

By referring to Fig. 3(b), the differential element length is given
by

(5)

The potential function can then be written as

(6a)

(6b)

Assuming the operating frequency can be up to 100 MHz, the
wavenumber

Fig. 3. Illustration of a subwavelength coil array for the near-field synthesis.
(a) Subwavelength coil array produces near-field excitation to provide
coverage at a target area, where an element is extracted and related position
vectors are also indicated. (b) Geometrical arrangement for an element analysis.

rad/mm. Since the area of interest is about 3 cm [26], the ex-
ponential function . Thus, the potential function
reduces to

(7)

The magnetic field can then be obtained from the potential func-
tion definition

(8)

In the application of TMS systems, the electric field or the cur-
rent induced by the magnetic field is the component of the elec-
tromagnetic field, which produces effects on the neurons. From
Maxwell’s equations, we can obtain the induced current or elec-
tric field given by (9) as follows:

(9)
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As is known, the human brain can be treated as a conductor [27],
where the conduction current is dominant over the displacement
current. The conduction current is governed by Ohm’s law,

(10)

where (S/m) is the conductivity. Hence, the induced electric-
field profile in the target area can be expressed as

(11)

The analytical formulation for the electric-field pattern by a coil
can be extended to a 2-D three-layer array with an arbitrary
number of elements. The total 2-D electric field for an array of

elements is given by (12)

(12)

where represents the input current on the th coil. is an
-element column vector containing the feeding information

assigned to each coil and is an -element row vector repre-
senting the electric field from each coil as a function of .
The magnitude and phase of can be obtained for each indi-
vidual coil to produce the desired electric-field profile .
In order to determine the optimal feeding current on each
coil to approximate a desired electric-field profile in the
target area, each coil feeding component can be regarded as a
basis function for a method of moments field expansion. By
multiplying both sides by and
integrating over , we can obtain a system of indepen-
dent equations that can be solved for feeding currents by
reducing the problem to that of inverting an matrix.
Although these basis functions are linearly independent, they
are not orthogonal so the off-diagonal elements of the matrix
do not vanish and the analytical formulation becomes unwieldy
[6]. Another challenge to solving these equations is the integra-
tion as a function of in the denominator, which, for a very
thin circular loop of any radius, can be carried out and is rep-
resented by a complex infinite series whose real part contains
complete elliptic integrals of the first and second kind, while
the imaginary part consists of elementary functions. This treat-
ment is only valid provided the observation distance is greater
than the radius of the loop [32], [33]. Although the loop
used in our research is very small, the observation is also in the
near-field zone from which the distance may be smaller than the
radius of the loop. Another very detailed and systematic treat-
ment is that of [34] and [35], which is valid for any observation
distance, except when the observation point is on the loop itself.
However, these methods are very complex in practice [32].
Here, we build a matrix bridging between the feeding cur-

rent and patterned electric-field profile represented as
. and can then be expressed as a

column vector by discretizing them over , and stored as

Fig. 4. Variation of field pattern along with the change of phase
difference between two adjacent elements. Phase difference is: (a) 0 , (b) 60 ,
(c) 120 , and (d) 180 .

one dimension, thus reducing the method of moments to the
method of least squares [36]. Therefore, the induced electric-
field pattern in the brain can be expressed by input currents on
the coils given by (13). In the matrix , the real part repre-
sents the component and the imaginary part represents the
component, which can be used for the curl operation. Different
from 1-D or symmetrical near-field pattern synthesis [6], [22],
this method simplifies the complicated pattern synthesis by just
solving one equation,

(13)

It is noted that the ease of this synthesis method makes the
imaginary part of obtained current excitation physically mean-
ingless. In this design, the element is electrically small and the
current distribution on coils can be treated as constant for conve-
nience. For practical purposes, the phase of the currents in each
element can be taken to be either in-phase or out-of-phase such
that the field profile is stationary with time. This assumption can
be vindicated from Fig. 4, where the near-field pattern per cycle
produced by in-phase excitations is similar to that by excitations
with 60 phase difference and pattern per cycle by out-of-phase
excitations similar to that by 120 phase-difference excitations.
Otherwise, if the phase difference is chosen to be the values
between 0 to 180 , the magnetic fields produced by adjacent
coils vary in magnitude and in direction out of step along with
time within one cycle. In this case, the different parts of the pat-
terned electric-field profile would be focused asynchronously.
Hence, the phases of excitation can be only either in-phase or
out-of-phase, and the patterned electric-field profile is time-in-
variant in position and polarization. Thus, (13) is expressed as
a complex matrix as (14), then we can extract the real part and
imaginary part of the obtained input current on each coil,

(14)

In order to eliminate the meaningless imaginary parts of the
excitation matrix and to ensure a solution for a excitation under
in-phase or out-of-phase condition, we rephrase (14) as (15)
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with a constraint condition given by (16), where represents
zero matrix and is identity matrix,

(15)

(16)

From the above discussion, it is now easy to pattern the elec-
tric-field profiles in controlled polarization at multiple areas in
the near-field zone. The polarization of the focused electric field
can also be determined by adjusting the weights of the or
component of the target function. If the area of interest is in a
further distance or the operating frequency is high enoughwhere

is not valid any more, a more complicated op-
timization based on the equal or unequal weights for and
component matrices can be acquired using the same idea.

B. Mutual Impedance

In the synthesis process mentioned above, each near-field pat-
tern used for the expansion of the target distributions is created
by exciting a different element while short circuiting the other
loop elements. It is noted that the actual element can be properly
excited by multiplying the synthesized optimal weights with an
impedance matrix that accounts for the mutual coupling effects
among elements as addressed in the method of moments [22].
The mutual impedance among elements in our research is pri-
marily due to inductive coupling where the coupling currents
have a phase shift of 90 , which can be known through circuit
equivalence or extracted from numerical software.
The relationship between the terminal voltage of any one el-

ement in terms of currents flowing in the others can be written
as [32]

(17)

where defines the terminal voltage at element due to
a unity current in element when the current in all other el-
ements is zero. Thus, the terms represent the mutual
impedance when indices and are not identical. Here,
the mutual impedance matrix is obtained through simulation by
Ansoft HFSS, in which the mutual impedance can be ob-
tained as an matrix, where represents the number of
elements. Thus, (17) can be expressed as

(18)

in which is the desired terminal voltage of the elements and
is the actual feeding current on the elements. is the desired

terminal current of the elements, which can be obtained by the
proposed synthesis method. Thus, the feeding current for the
elements can be obtained through

(19)

Now let us consider the synthesis of a near-field pattern based
on our presented structure.

TABLE I
DESIRED CURRENTS OF COILS ON THE FIRST LAYER

Fig. 5. (a) Analytical and (b) simulated focused electric-field pattern at the 2-D
target area 3 mm below subwavelength array.

III. SUBWAVELENGTH ARRAY

A. Configuration and Synthesis

A subwavelength coil array of 48 units and 4 4 coils on
each layer is analyzed, as shown in Fig. 2. Each coil has a ra-
dius of 12 mm, and element separation mm. The
thickness of each layer is 0.2 mm in the full-wave simulation. A
box full of sea water below the presented array resembles brain
tissue and is also the target area for focusing electric-field pat-
terns. The optimal weights for each coil were calculated using
the method discussed above for a right angle bent electric-field
profile.We chose this field profile as an example to illustrate that
our array can produce polarized patterns. Table I shows the nor-
malized excitations for coils on the first layer, where it is noted
that the coils are just in-phase or out-of-phase. As mentioned
in Section II, for an electric-field pattern, it can be regarded as
the combination of -component fields and -component fields,
each of which are formed through the fields produced by several
elements. Controlling each component can define the polariza-
tion of the electric field. From that, the polarized arbitrary field
pattern can be obtained in which the field direction is along the
focused field pattern. The mutual impedance matrices at oper-
ating frequencies are then obtained to mitigate the coupling ef-
fects due to the dense arrangement. Each magnitude of the ex-
citations can be scaled to any value, which can be used to adjust
the magnetic-field intensity the coils produce without affecting
the desired focusing pattern. Plotted in Fig. 5 are the analyt-
ical and full-wave simulated 2-D patterned electric-field pro-
files. Although the analytical method is approximate, it is still
accurate in our research due to the target area being very close to
the array. The direction of the electric field is along the patterned
line, as shown in Fig. 5(b). The electric field in the near-field
zone is simulated at 1 MHz, and its normalized magnitude sam-
pled along the slice at 3 mm away from the subwavelength array
that is indicated by dashed line in Fig. 5(a) is plotted compared
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Fig. 6. Comparison of simulated and analytical results. Normalized magnitude
of analytical and simulated -polarized electric-field components sampled along
the line mm indicated in Fig. 5(a).

with the analytical result, as is shown in Fig. 6. A slight discrep-
ancy is seen between the analytical and simulated results, which
is primarily from the phase errors produced in the approxima-
tion given by . It is evident that this discrepancy
is mainly in the suppressed area but does not affect the contrast
between the focused fields and suppressed fields.
From the simulation results, it is found that the half-power

beamwidth is 8 mm at 1 MHz. It is desirable and expected to
have a higher resolution if the elements are smaller. Another
larger array of 192 coils, which have radii of 6 mm, is simulated
in the same configuration, and the same right angle bent electric-
field profile is generated. The analytical comparison between
the normalized electric-field magnitudes focused by these two
arrays sampled along the dashed line indicated in Fig. 5(a) is
plotted in Fig. 7. It is expected that the focusing resolution is
improved and the focused half-power beamwidth is reduced.
The electric field outside the target region is strongly suppressed
due to the increased control of the field pattern enabled by the
larger number of elements. Note also that increasing the number
of elements and diminution of each element in size does not
significantly decrease the width of the beam produced, which is
already very narrow.
The electric field produced by one element is shown in Fig. 8,

where the electric field diverges very quickly. It is found that the
electric field is significantly more diffuse at 9 mm away from the
element. The normalized focused electric field acquired in the
slice in Fig. 5(a) along with various distances from the array at
different frequencies are depicted in Fig. 9. The electric field
is normalized to the peak value at each slice for comparison.
It is evident that the sidelobe levels of focused electric field at
100 kHz are a little higher than that at higher frequencies, espe-
cially at the target planes far from the subwavelength array. It is
also found that the focused beamwidth is decreased as the oper-
ating frequency increases, i.e., 10 mm at 100 kHz and 7.5 mm
at 100 MHz sampled at the target plane 3 mm below the array.
The nondiffractive range where the electric field is focused is

Fig. 7. Effects of coil size. Variation of beamwidth of -polarized electric-field
component with the element size sampled along the line mm indicated
in Fig. 5(a).

Fig. 8. Electric fields generated by the single coil. Normalized magnitude of
simulated electric field acquired at mm along the -axis at various dis-
tances away from the element.

30 mm at 100 kHz and 32 mm at 100 MHz. The nondiffractive
range is almost the range the near fields produced by the array
element die out, as indicated in [14].

B. Experimental Results

A subwavelength array including 48 elements is fabricated
and measured in this section to demonstrate the implementation
of the proposed method. Here, each element is a loop with ra-
dius of 12 mm equivalent to that in the simulation. A small gap
of 2 mm on each coil is used as the feeding point for driving the
loop. A ground plane between the array and the bottom layer
is also present for isolating the near field from affecting the
feeding network on the back of the board. It should be noted
that the ground plane has a limited effect on the synthesized
near-field pattern due to the radiationless property of proposed
structure even though the ground is placed very close to the
array. From the simulated results, a 4-mm gap is enough as
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Fig. 9. Normalized magnitude of simulated focused -polarized electric field
acquired in the slice shown in Fig. 5(a) at various distances away from the sub-
wavelength array. (a)100 kHz. (b) 1 MHz. (c)10 MHz. (d)100 MHz.

Fig. 10. Fabricated subwavelength array. (a) Configuration of fabrication.
(b) Fabricated subwavelength array, where the silk screen shows the positions
of elements. The coordinate in the figure is used for measurement.

the separation between the subwavelength array and the ground
plane for a nondistorted electric-field pattern. Six high-speed
ribbon cables are responsible for connecting the feeding net-
work and the signal terminal blocks of the signal generator, as
shown in Fig. 10.

Fig. 11. Measurement system for 2-D near-field scanning. The probe in the
figure is used to acquire the magnetic field.

Fig. 12. Electric-field probe for each polarization.

The measurement system is illustrated in Fig. 11, where the
signals are produced by six PXI-6733 cards from National In-
struments (NI). A small loop as a magnetic-field probe and a
small monopole for electric-field acquisition are used to scan
the near-field controlled by an automated 2-D translation stage.
The signal received by the probe is analyzed by a signal ana-
lyzer. The signal generator, translation stage, and the signal an-
alyzer are all controlled by using NI Labview software, which
is also used for the near-field scanner and data acquisition. The
near field was measured over an area 80 mm 80 mm with a
step of 1 mm, and the measurement coordinates are depicted
in Fig. 10. Since the patterned electric fields can be determined
as the desired polarization, polarized probes are required to ac-
quire the corresponding polarized electric fields, which is im-
portant for advanced neuron stimulation [27]. Similar to the ra-
diation mechanism of a monopole, Fig. 12 shows the deploy-
ment of the electric-field probe in polarization and polariza-
tion. The feeding current on each element is obtained using the
method described above, and then scaled to appropriate values
to make sure the output currents are not distorted. A right-angle
bent-shape electric-field profile is initially patterned as shown in
Fig. 5 and measured at 0.1 MHz. The electric field is measured
in sea water resembling brain tissues, where the electric-field
probes used are shown in Fig. 12. An -polarized probe can
receive the focused electric field in polarization and a -po-
larized probe is for the electric-field measurement in polar-
ization. The measured electric field along the -plane and a
complete 2-D scan at 3 mm away from the subwavelength array
for a right-angle bent-shape pattern are given in Fig. 13. It is
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Fig. 13. Normalized magnitude of measured electric-field energy for right
angle bent profile. (a) 2-D measured electric field probed by -polarized
monopole. (b) 2-D measured electric field probed by -polarized monopole.
(c) The combined measured near-field pattern through vector superposition.
Dotted lines represent the patterned electric fields with the direction along the
line. Dashed lines are the sampled lines for focusing effects.

evident from this figure that the electric field in the near-field
zone is correctly polarized and each field component in one
direction can only be measured by a corresponding polarized

Fig. 14. Patterned electric field along the interested direction. Normalizedmag-
nitude of measured electric field in co-polarization and cross-polarization. (a)
Normalized magnitude of measured -polarized electric field along
mm (dotted line), as shown in Fig. 13. (b) Normalized magnitude of measured
-polarized electric field along mm (dotted line), as shown in Fig. 13.

electric-field probe. Fig. 13(c) gives the combination of mea-
sured -polarized and -polarized electric field through vector
superposition. It should be noted that this combination is un-
dertaken under the assumption that the measured field is ideally
polarized. From 13(c), the measured electric-field profile clearly
confirms the desired near-field pattern represented by the dotted
line. It is also found that the measured electric-field value at the
emerging area is about 0.6 of the peak value, which agrees very
well with the synthesized result shown in Fig. 5(a).
The polarization term in antenna designs is employed to study

the ability of the proposed array to control the direction of pat-
terned electric fields. Here, the co-polarized electric field is the
electric field in the intended direction, and the cross-polarized
electric field is the electric field in the orthogonal direction.
Fig. 14 gives the magnitude of the measured electric fields in
the co-polarization and cross-polarization in decibels for each
directed focused electric-field profile shown by the dotted line
in Fig. 13(c). It is noted that the magnitude of the electric field in
the cross-polarization is about 20 dB lower than that in co-po-
larization, except the -polarized electric field ranging from

mm to mm where the -polarized field merges
to the -polarized field. Similarly, the large cross-polarized elec-
tric-field intensity in the -polarized field pattern when

mm to mm can be found.
In order to study the focused beamwidth, the co-polarized

electric field across the focused area is measured and plotted
in Fig. 15. It is found that the focused half-power beamwidth is
11 and 10 mm in Fig. 15(a) and (b), respectively, which were
within 10% deviation from the simulated value of 10 mm. This
error is in line with the expectation because the electric-field
probe is 1 mm in diameter in itself.

IV. RECONFIGURABILITY OF NEAR-FIELD PATTERN

Using an L-shaped electric-field profile, the synthesis process
has been demonstrated in both simulation and experiment. If the
data in matrix is obtained in advance and stored, it is con-
venient to adjust the electric-field profile by programming the
exciting sources using the least squares method without com-
puting the near-field distribution from each element again. Our
Labview code allows the signal generator to read the excitation
information obtained directly. Thus, the presented method can
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Fig. 15. Focusing effects of co-polarized electric fields. Normalized magnitude
of measured electric field based on the coordinate of Fig. 13(c). (a) Normalized
magnitude of measured -polarized electric field along the line mm
(dashed line). (b) Normalized magnitude of measured -polarized electric field
along the line mm (dashed line).

allow us to quickly pattern various electric-field profiles. Previ-
ously, the -polarized field and -polarized field is patterned in-
dividually to form a right angle bent electric-field profile. Here,
a line shape electric-field profile inclined at 45 to the -axis,
which consists of -polarized field and -polarized field equally
is quickly patterned and measured. The electric-field pattern in
co-polarization is acquired by the electric-field probe rotated by
45 from the -axis. Fig. 16(a) plots the measured complete
2-D normalized electric-field profile in co-polarization 3 mm
away from the subwavelength array. It is evident that an inclined
electrical pattern is shaped as is expected, which indicates the
validation and flexibility of our proposed method. The electric
field in the cross-polarization normalized to the peak value in
the co-polarization is also shown in Fig. 16(b). It is found from
the scale that the maximum field energy in the cross-polariza-
tion is 0.22 of that in the co-polarization.
Similarly, the focused electric-field magnitudes in co-polar-

ization and in cross-polarization are also illustrated in Fig. 17.
The electric-field power in cross-polarization is about 10 dB
lower, which is higher than that in the right-angle bent-shape
pattern. This can be attributed to the relatively sparse arrange-
ment of the elements for this profile, which makes the patterned
electric fields in twists. Under this circumstance, the focused
electric field in co-polarization is deteriorated and in the cross-
polarization is increased. The twists in current direction also
lead to ripples in the cross-polarized field. This also can be seen
through the measured magnetic fields plotted in Fig. 18, where
the uneven magnetic-field distribution along the patterned elec-
tric-field profile results in a twisted electric field. It is also found
that themagnetic fields gradually fade with the distance from the
target area and approach zero at long distances.
The measured -directed electric fields normalized to the

peak value of the focused electric field in co-polarization are
plotted in Fig. 19. It is evident that the focused electric fields
are confined in the -plane where the -directed electric-field
peak value is only three-thousandths of the focused electric
fields in the -plane.
In order to study the focused beamwidth, the focused electric

field in the co-polarization along the sampled line ,
shown in Fig. 16, is depicted in Fig. 20. It is worth noting that
the focused half-power beamwidth is 10 mm, similar to that

Fig. 16. Normalized magnitude of measured electric field for a 45 inclined-
line profile. (a) Normalized magnitude of measured electric field in co-polariza-
tion. The dotted line represents the patterned electric fields with the direction
along the line. The dashed line is the sampled line for focusing effects. (b) Mea-
sured electric field in cross-polarization normalized to the peak value in co-po-
larization.

Fig. 17. Patterned electric field along the interested direction. Normalizedmag-
nitude of measured electric field in co-polarization and cross-polarization ac-
quired along the line (dotted line) in Fig. 16.
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Fig. 18. Normalized magnitude of measured magnetic field that leads to the
inclined 45 electric-field line profile.

Fig. 19. Measured profile of -directed electric field normalized to the peak
value of focused electric field in co-polarization for the inclined 45 electric-
field line profile.

in the right-angle bent pattern, which indicates the invariable
beamwidth without being affected by the change of pattern.

V. CONCLUSION
It has been found that a 2-D array of electrically small loops

with subwavelength spacing, designed borrowing the concepts
of super-directive antenna arrays and the sub-diffractive fo-
cusing limit, can be used for various subwavelength focused
magnetic-field and electric-field patterns on an image plane set
in the near-field zone. A detailed synthesis method based on the
least square optimization with constraint condition is discussed,
which allows one to expedite various patterns formed with a
near-field information matrix computed and stored in advance.
The presented method is based on an acceptable approximation,
which simplifies the optimization process by generating and
component matrices and combining them to a single one. It can
be used to design a wide variety of desired focused magnetic-

Fig. 20. Focusing effects of co-polarized electric fields. Normalized magnitude
of measured electric field acquired along the line (dashed line)
[see Fig. 16(a)].

and electric-field patterns in a 2-D image plane. In this paper, a
right-angle bent profile and an inclined-line electric-field pro-
file, which indicate the -polarized component and -polarized
component unequally and equally, are successfully patterned.
A three-layer subwavelength array of 48 elements is fabricated
and measured based on a 2-D near-field scanning measurement
system controlled by Labview software. The magnetic field and
electric field including polarization are acquired by a small loop
and a polarized small monopole, respectively. It is shown that
measured results agree very well with the synthesized ones and
the desired electric-field profile can be patterned symmetrically
and asymmetrically in terms of position and polarization.
This work can extend to several possible future research sce-

narios. First, the synthesis method presented above shows that
2-D magnetic fields and electric fields desired at an image plane
in the near-field zone can be easily obtained by just solving
one matrix. This method can be used for other near-field sub-
wavelength focusing synthesis where the target area is close
to the array and unit cells are electrically small, which are ex-
actly the case for most near-field applications. The magnetic-
field pattern and focusing array such as the one presented here
may find applications in enhanced performance electric actua-
tors that are based on the focused magnetic fields [12], [13], and
in the wireless power transfer by controlling the near-field pat-
terns [23], [30]. Another possible future application, which is
the primary motivation for this research, is generating patterned
electric fields inside tissues for neural stimulation.
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