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Abstract—We combine array-signal-processing and spectral
domain techniques to determine the optimal aperture current
distribution that maximizes the power coupling between two
antenna apertures which are located on opposing sides of a
multilayered lossy structure in the near-field. The resulting
optimal distribution can be used as a reference in the design
of antennas for near-field applications, such as for the detection
of foreign objects in lossy media, wireless charging of implant
batteries, or near-field communications with an implant. A MoM
approach is formulated to study the performance of the optimal
aperture currents in a simulated detection application in the
presence of a small PEC patch, and it is shown that the optimal
aperture current can improve the system sensitivity and increase
the detection probability of the object.

Index Terms—Near-field, optimal aperture, array signal pro-

cessing, lossy media.

I. INTRODUCTION

In many near-field microwave applications, such as detec-

tion and sensing, wireless power transfer to in-body implants,

or a data communication link with an implant, two antennas

are involved at the receiver and transmitter ends. These an-

tennas are often separated by layers of different lossy media

such as skin, fat, muscle tissue, etc. In these applications,

high power coupling between the two antennas is desired in

order to enhance the detection probability, battery charging

efficiency, or increasing the signal-to-noise ratio. That is, to

choose the antennas in a way such as to maximize the power

coupling between them. The problem can then be modeled

by two antenna apertures on opposite sides of a multilayered

structure as shown in Fig. 1, where the goal is to synthesize

the electric (J ) and magnetic (M ) currents on the transmitter

aperture such that the ratio of received power on the receiver

aperture to the transmitted power is maximized, i.e.,

max
J,M

(
Pout

Pin

)
. (1)

Array signal processing techniques have been used previ-

ously to determine the optimal distribution of aperture currents

that maximizes the near-field power coupling in homogenous

lossy media [1], [2]. Therein, the electric and magnetic cur-

rents on the transmitter aperture are each expanded in terms

of a number of basis functions and the ratio of the received

power to the transmitted power can be written in form of a

ratio of quadratic forms, the maximum of which can be found
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Fig. 1: Power coupling between two apertures separated by a
multilayered lossy structure.

with relative ease. This method can be easily expanded to any

non-homogenous media as long as the Green’s function or the

emanated fields from the basis functions are known for the

structure.

Fast and efficient algorithms based on spectral domain meth-

ods are available to calculate the Green’s functions of multi-

layered structures [3], where the source current distribution is

Fourier-transformed and the spectral domain sources are dealt

with in the spatial domain as infinite current sheets. Thereby

the multilayered field problem is solved as a problem with

known harmonic variations along the transverse dimensions

of the structure and the boundary conditions are only applied

in the normal direction to the layer boundaries.

By combining these techniques, a numerical method can be

developed where the emanated fields from the basis functions

can be calculated for arbitrary multilayered structures. These

fields are in turn used in the optimization algorithm to deter-

mine the optimal aperture current distribution for the given

multilayered structure. Furthermore, due to the geometry of

the problem, it suffices to calculate the fields for one basis

function only, since the fields of the others are identical apart

from a spatial translation.



II. OPTIMIZATION METHOD

In order to determine the optimal aperture current distribu-

tion, the unknown electric (J ) and magnetic (M ) currents on

the transmitter aperture are each expanded in terms of N basis

functions with unknown weights as

J =

N∑

n=1

jnfn(r), and M =

N∑

n=1

mngn(r). (2)

Provided that the emanated field from each basis function at

the receiver aperture is known, the power transfer ratio can be

written as a ratio of quadratic forms as: (see also [1])

Ptr =
Pout

Pin

=
w

H
Poutw

wHPinw
(3)

where Pin and Pout are Hermitian matrices which define the

relation between the input and output powers, respectively,

and the transmitter aperture current distribution, and also w =
[j1, j2, . . . , jN ,m1,m2, . . . ,mN ]T is the vector containing the

unknown weights of the basis functions in (2). The goal is to

determine w which yields maximum power transfer ratio at

a stationary point. This leads to the generalized eigenvalue

equation [4]:

Poutw = PtrPinw. (4)

The maximization of Ptr is equivalent to finding the largest

eigenvalue in (4) and once w is determined, the optimal trans-

mitting aperture field distribution can be calculated using (2).

It is required that Pin be a positive definite matrix. This can

be ensured by constraining the unknown transmitter currents

to Huygen’s sources so that the radiated power is positive, i.e.,

M(r) = ηn̂1 × J (5)

where η is the wave impedance in the medium where the

source is located.

III. GREEN’S FUNCTION OF A PLANAR MULTILAYER

STRUCTURE

G1DMULT is a fast and efficient algorithm for calculating

the spectral domain Green’s functions of planar, cylindrical

and spherical multilayer structures. In the case of the herein

employed planar structures, the current sources are in the

form of current sheets with harmonic spatial variation [3].

The original 3D current source is transformed to the spectral

domain by performing the Fourier transforms

J̃(kx, ky, z) =

∫
∞

−∞

∫
∞

−∞

J(x, y, z)ejkxxejkyy dx dy,

(6a)

M̃ (kx, ky, z) =

∫
∞

−∞

∫
∞

−∞

M(x, y, z)ejkxxejkyy dx dy.

(6b)

The sources are interpreted in the spectral domain as a

spectrum of current sheets extending to infinity in both the x

and y directions, while the problem is divided into an equiv-

alent subproblem for each layer in the structure. Due to the

boundary conditions, all the waves have the same propagation

constants in x and y directions and the problem is reduced

to a harmonic 1D problem in space with known harmonic

variations in the x and y directions. The transverse components

of the field at the boundaries between the layers are then

determined by solving a system of boundary conditions which

gives the spectral domain electric Ẽ(kx, ky, z) and magnetic

H̃(kx, ky, z) fields. In order to retrieve the 3D fields we need

to combine the solutions by a summation over the kx and ky
spectrum, corresponding to an inverse Fourier transform, i.e.,

E(x, y, z)

=
1

4π2

∫
∞

−∞

∫
∞

−∞

Ẽ(kx, ky, z)e
−jkxxe−jkyy dkx dky,

(7a)

H(x, y, z)

=
1

4π2

∫
∞

−∞

∫
∞

−∞

H̃(kx, ky, z)e
−jkxxe−jkyy dkx dky.

(7b)

once the structure and basis functions are defined, it is enough

to calculate the emanated fields from a single basis function in

order to incorporate G1DMULT in the optimization technique

as described in section II. The contributions of the other basis

functions can then be found by using a spatial translation

corresponding to their location.

IV. OPTIMIZATION RESULTS

The method is used on a structure consisting of layers of fat

(ǫr = 4.6, σ = 0.02 S/m) and muscle tissue (ǫr = 57, σ = 1.2
S/m) at 1 GHz [5]. In the structure, a 4 cm slab of muscle

tissue is enclosed by two 1.5 cm layers of fat on two sides.

The apertures are hence separated by 7 cm from each other

and are assumed to be located in free-space. The transmitter

and receiver aperture sizes are assumed to be 5×5 cm2 and

3×3 cm2, respectively. Furthermore 2.5×2.5 mm2 x-polarized

rectangular pulse basis function currents are employed as

fn(r) = x̂Π(rn) and gn(r) = ŷΠ(rn). (8)

Due to the presence of loss in the environment, the poles in the

integrand in (7) are off the real axis and the integration can be

performed along the real axis [6]. The normalized intensities

of the electric and magnetic fields radiated by a single basis

function located at rn = 0, at the receiver aperture plane, are

shown in Fig. 2. Unlike the case of a homogenous material

where the field distribution is expected to be similar along

the x and y axes, in the case of the multi-layered media

the received field distribution is not similar along the two

transverse axes. This phenomenon can be explained by the

linear polarization of the source current and the different types

of incidence (i.e. parallel vs. perpendicular) of the wave at

the boundaries in the two directions. The received field due

to different basis functions can be calculated separately for

each basis function in the spectral domain using the Green’s

function and then be transformed into the spatial domain, or it

can be calculated for one basis function and then for others by

using appropriate spatial translation based on the location of



(a) (b)

Fig. 2: Intensity in dB of the (a) electric field, and; (b) magnetic field,
radiated by a single basis function at the receiver aperture plane.

that basis function. Here we choose the second approach for

simplicity, since it needs only one inverse Fourier transform

of the type in (7).

Both the amplitude and phase of the optimal electric current

distribution are shown in Fig. 3. As explained in section II,

the currents are constrained to Huygen’s source distributions

in this case. The optimal current distribution exhibits a larger

taper rate in the x direction as compared to that in the y

direction due to the fact that the field spot from a single basis

function is elongated in the x direction. The normal component

of the normalized Poynting vector on the receiver aperture, due

to the optimal source current, is shown in Fig. 4, which shows

that the received power is highest at the center of the receiver

aperture and the power decreases towards the edges of the

aperture, meaning that the optimal source current results in a

focus of power around the center of the receiver aperture.

V. OPTIMAL APERTURE IN DETECTION APPLICATIONS

In detection applications in homogenous media, it has been

shown that if the power coupling between two antennas is

maximized in the absence of a foreign object, the system sen-

sitivity to the presence of any foreign object is increased [2].

In order to investigate this hypothesis in the case of the

multilayered media, we can formulate a method of moments

(MoM) approach in the spectral domain to calculate the

scattered field from a PEC patch located in the media between

the two apertures as shown in Fig. 5. In this figure, zt, zp, and

zr are the z coordinates of the transmitter aperture, PEC patch,
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Fig. 3: (a) Amplitude in dB and, (b) phase in degrees, of the
optimized electric current distribution on the transmitter aperture.
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Fig. 4: The normal component of the normalized Poynting vector
on the receiver aperture in dB.
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Fig. 5: A PEC patch located in the multilayered media.

and the receiver aperture, respectively.

A. MoM Formulation

Assuming the electric (J) and magnetic (M ) source cur-

rents, the induced current (J ind) on the PEC patch can be

found by applying the boundary conditions to the tangential

electric field on the patch, i.e.

Etan(r) = Ei
tan(r) +Es

tan(r) = 0, r ∈ Spatch (9)

where Ei and Es are the incident and the scattered electric

fields, respectively. Once the source current is known, the

incident field on the patch can be calculated by using the

spectral domain Green’s function, and expanding the induced

current in terms of L basis functions with unknown weights

as

J ind =

L∑

n=1

Inhn(r) (10)

where hn(r) is the nth basis function and In are the unknown

weights to be determined. Hence, (9) becomes

Ei
tan +Es

tan(J ind) = 0, r ∈ Spatch (11)

which, by employing Galerkin’s method, becomes:

L∑

n=1

InZmn = Vm, m = 1, 2, · · · , L (12)

where

Zmn =

∫∫

patch

hm ·Es(hn) dS,

Vm = −

∫∫

patch

hm ·Ei dS.

(13)



In the spectral domain, Zmn can be derived, in a similar

manner as in [7], as

Zmn =

∫∫

patch

hm ·Es(hn) dS

=
1

4π2

∫∫

kx,ky

h̃m(−kx,−ky) · G̃(kx, ky, z, z
′)

· h̃n(kx, ky) dkx dky

(14)

where z = z′ = zp, h̃n(kx, ky) is the spectral domain

representation of hn(r), and G̃ is the spectral domain Green’s

function. Similarly, Vm is derived as

Vm =−

∫∫

patch

hm ·
[
Ei(J) +Ei(M )

]
dS

=−
1

4π2

∫∫

kx,ky

h̃m(−kx,−ky) · G̃J
(kx, ky, z, z

′)

· J̃(kx, ky) dkx dky

−
1

4π2

∫∫

kx,ky

h̃m(−kx,−ky) · G̃M
(kx, ky, z, z

′)

· M̃(kx, ky) dkx dky
(15)

where z = zt and z′ = zp. Once J ind is known, the total

field on the receiver aperture is found as the sum of the

contributions from the source and induced currents.

Since the layers are assumed to be infinitely large, the results

of this method can not be generally compared to results of

commercial EM simulation softwares such as CST. However,

in the special case where all the layers are the same (i.e.

homogenous) the two methods can be compared with each

other. This has been done for the medium: ǫr=1 and σ =

1.2 S/m, where the source has a uniform Huygen’s source

distribution of size 1×1 m2, transmitter and receiver apertures

are separated by 7 cm, and a 6×6 cm2 PEC patch is located at

3.5 cm distance from the source. The intensity of the received

E-field is shown in Fig. 6 for two orthogonal cuts, which shows

very good agreement between the two methods.
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Fig. 6: Comparison of the intensity of the received E-field calculated
by CST and the spectral domain MoM in a homogenous medium, in
(a) x=0 cut, and; (b) y=0 cut.

B. Effect of The Source Current Distribution

The MoM formulation is used to calculate Ptr in the pres-

ence and absence of a PEC patch for the optimal source current

distribution and the subsequent five strongest eigenmodes of

(4). These values are then used to calculate the ∆Ptr as

∆Ptr = |P PEC
tr − P free

tr | =
|P PEC

out − P free
out |

Pin

. (16)

where P PEC
tr and P free

tr are the power transfer ratios for each

mode in the presence and absence of the PEC patch, respec-

tively, and Pin = P PEC
in = P free

in is the input power due to the

electric and magnetic current sources. ∆Ptr is indicative of the

change in measured S21 when the two antennas are connected

to a network analyzer in a detection system. It is clear that

a larger ∆Ptr increases the possibility of the detection of a

foreign object in the medium. The magnitude of the source

currents corresponding to the five largest positive eigenvalues

of (4) following the optimal source, are plotted in Fig. 7, for

the setup which is introduced in section IV. Assuming that

a square PEC patch of side length 1.5 mm is located half-

way between the transmitter and receiver apertures (z=3.5 cm)

and aligned with the axis connecting the centers of the two

apertures, the Ptr and ∆Ptr of these five modes along with

those of the optimal transmitter current (labeled as mode 1)

are plotted in Fig. 8. As can be observed in this figure, the

optimal transmitter aperture results in the highest ∆Ptr, which

also occurs at higher Ptr value, implying better SNR in a

measurement system. Unlike the Ptr, which shows a steady

decrease with the mode number, the trend in ∆Ptr is not

monotonous as it is dependent on how much of the power

is concentrated at the center of the aperture since the patch is

also assumed to be aligned at the center of the two apertures.

Any source current distribution can be expanded as a weighted

sum of all aperture modes, including those with even lower

Ptr, hence, the ∆Ptr of any other source current distribution is

likely to be smaller than that of the optimal aperture.

C. Effect of The PEC Patch Size

In any detection system, one figure of merit would be

the smallest detectable size of the foreign object. In order

to investigate how the choice of aperture field distribution

affects this figure, the described MoM formulation is applied

to the same problem geometry as in previous subsection,

while the size of the PEC patch is varied between 1×1 mm2

and 30×30 mm2. Fig. 9 shows the ∆Ptr for the choice of

the optimal aperture as well as the subsequent five aperture

eigenmodes vs. the size of the PEC patch. As expected, the

∆Ptr for each eigenmode decreases with a decrease in object

size. Furthermore, the optimal aperture field distribution shows

the largest change in the Ptr value for very small objects among

the different distributions, which suggests that the probability

of the detection of small objects will be higher using antennas

with optimal aperture currents, provided that the power levels

are above the system noise floor. Fig. 9 also provides insight

in the fundamental limitations of what size of objects one can
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Fig. 7: Magnitude in dB of the source current corresponding to the
five largest positive eigenvalues of (4) following the optimal current
distribution.
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expect to detect, depending on the choice of antennas, system

noise level and sensitivity.
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distribution and the following five eigenmodes.

VI. CONCLUSIONS

Array-signal-processing and spectral domain techniques are

combined in a fast and efficient algorithm, in order to synthe-

size the optimal aperture current distribution that maximizes

the power transfer between two antenna apertures that are

located on opposing sides of a multilayered lossy structure

in the near-field. The optimal distribution can be used in a

range of near-field microwave applications such as sensing

and detection, wireless charging of implanted batteries or near-

field communications with implants. The Method of Moments

is used to calculate the scattered field in the presence of a

PEC object in the layered structure in order to investigate

the performance of the optimal aperture field distributions in

detection applications. The effect of the size of the PEC object

is investigated as well, which demonstrates that by employing

a suitable antenna aperture, the system sensitivity of detecting

foreign objects can be greatly enhanced.
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