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Determination of the Impedance Parameters of
Antennas and the Maximum Power Transfer
Efficiency of Wireless Power Transfer

Yoon Goo Kim"™, Member, IEEE, and Sangwook Nam"™, Senior Member, IEEE

Abstract—In this paper, we derive formulas that calculate
the impedance parameters (Z-parameters) of multiple antennas
near objects to analyze wireless power transfer. Furthermore,
we propose a method to calculate the impedance parameters
of antennas, the maximum power transfer efficiency, and the
optimum load impedance of a wireless power transfer system
using equivalent current that generate the same electromagnetic
field as that generated by an antenna in transmitting mode.

Index Terms—Equivalent current, impedance parameters,
maximum power transfer efficiency, wireless power transfer,
Z-parameters.

I. INTRODUCTION

ECENTLY, near-field wireless power transfer, that is,

technologies that transfer electrical energy to devices
using a near-field without being physically connected to an
electric power source, has received considerable attention.
To design an efficient near-field wireless power transfer sys-
tem, we need to clearly understand its operating principles.
One way to understand the operating principles of wireless
power transfer is to develop and analyze the analytical models.
Several analytical models have been proposed for near-field
wireless power transfer. Two of the most frequently used ana-
lytical models are coupled mode theory [1] and equivalent cir-
cuit model [2], [3]. However, these models do not adequately
explain the factors that affect the behavior of wireless power
transfer. In other words, clearly identifying what properties of
antennas determine the efficiency of wireless power transfer
remains difficult. Furthermore, these models approximately
analyze the wireless power transfer. Another analytical model
for near-field wireless power transfer uses spherical waves [4],
[5], which involves a complex calculation. In particular, in a
case where large objects are present near the wireless power
transfer system, the calculation using spherical waves is very
complex and requires a longer time. Therefore, we need to
develop a simple model that permits a thorough understanding
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of the operating principles of wireless power transfer. In this
paper, we propose such a method to analyze wireless power
transfer.

The relationship between the voltages and currents at the
ports of antennas can be described by scattering parameters
(S-parameters), impedance parameters (Z-parameters), or
admittance parameters (Y-parameters). Once we know one
of these parameters, we can determine the transferred
power, the maximum power transfer efficiency, and the load
impedance that maximizes the power transfer efficiency.
Therefore, calculating the scattering, impedance, or admit-
tance parameters for the ports of antennas is important for
analyzing wireless power transfer. In this paper, we present
formulas for calculating the impedance parameters of antennas
based on induced electromotive force (EMF) method. Further-
more, we propose a method for calculating the formulas for
impedance parameters using equivalent current that generate
an electromagnetic field equivalent to that generated by an
antenna.

One of the most important parameters in wireless power
transfer is the power transfer efficiency, which depends on
the load impedance connected to the receiving antenna. In
this paper, we propose a method to calculate the maximum
power transfer efficiency and load impedance that maximizes
the power transfer efficiency.

In practice, objects such as floors, walls, tables, and chairs
exist around the wireless power transfer system. Therefore,
to model wireless power transfer in the real world, objects near
the wireless power transfer system should be considered in
the model. The method proposed in this paper can be applied
to cases where objects are present near the wireless power
transfer system.

Throughout this paper, it is assumed that electromagnetic
fields are in a steady state. In addition, magnetic materials are
assumed to be absent in antennas and objects. Furthermore,
it is assumed that a source and load are connected across an
infinitesimal gap on a conducting wire of an antenna, and
that the antenna has one feed port. In this paper, the time
convention e/® is used, where  is angular frequency and ¢
is time.

II. EQUIVALENT CIRCUIT FOR AN ANTENNA

Consider an antenna located near an objects. When an
antenna is excited by a source at its feed port with no
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Fig. 1. Equivalent circuit for a transmitting antenna.
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Fig. 3. Equivalent circuit for a receiving antenna.

incident electromagnetic field (antenna in transmitting mode),
the voltage and current at the feed port can be calculated
using an equivalent circuit, as shown in Fig. 1. In this figure,
Z? is the input impedance observed at the feed port of the
antenna in the presence of objects, and Z% and V¥ are the
source impedance and the open-circuit voltage of a Thevenin
equivalent circuit for a source, respectively.

Consider that objects, source currents, and the antenna
terminated in a load placed together and the source currents
generating an electromagnetic field (Fig. 2). In this situation,
the current flowing at a load and the voltage across that load
can be calculated using a Thevenin equivalent circuit, as shown
in Fig. 3. In this figure, Z? is the input impedance observed at
the feed port of an antenna in the presence of objects and in
the absence of source currents, Z" is the load impedance, and
V¢ is the open-circuit voltage. The formula for calculating the
open-circuit voltage V°° can be derived from the reciprocity
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Fig. 4. Method for calculating the open-circuit voltage of equivalent circuit
for a receiving antenna in the scenario in Fig. 2. (a) Situation in which
the input impedance Z?® and electric current density J* of an antenna in
transmitting mode is determined. (b) Situation in which the electric field E™
is determined.

theorem [6, pp. 483—485]. The open-circuit voltage can be
determined using the following formula:

Voc — _% E. Jdo )
R
where J* is the electric current density! of an antenna when
its input terminals (feed port) are excited with a source in the
presence of objects and in the absence of source currents; /2 is
the total electric current flowing at the input terminal when the
current density of the antenna is J*; E" is the electric field
that exists when objects and source currents are present and
an antenna is absent; and R is a region containing the antenna
(Fig. 4). In [6], the formula for the open-circuit voltage of an
equivalent circuit for a receiving antenna was derived when
the antenna is in free space and no objects are nearby. When
objects exist near an antenna, (1) can be deduced from the
reciprocity theorem.
While deriving the self-impedance and mutual impedance of
antennas, an equivalent circuit for transmitting and receiving
antennas will be exploited.

III. INPUT IMPEDANCE OF AN ANTENNA NEAR OBJECTS

A. Calculation of the Input Impedance of an Antenna
From the Current of a Transmitting Antenna

When an antenna is exclusively composed of a perfect
electric conductor (PEC), the input impedance can be calcu-
lated using the induced EMF method. In this case, the input
impedance of an antenna, Z?, can be calculated using the
following formula [6, p. 555], (712

74 — _;/ Eat 'Jatdl) (2)
(1*)? Jr

where E is the electric field generated when an antenna near

objects operates in transmitting mode, i.e., the electric field
generated by J* and the currents of the objects.

n a dielectric, the polarization current jw(e — go)Ed is used as an electric
current density; ¢ is the permittivity of the dielectric; &g is the permittivity of
free space; and EY is the electric field in the dielectric.

2In [6] and [7], the input impedance of an antenna was derived when the
antenna is in free space. When objects are present near the antenna, (2) is
obtained from the reciprocity theorem and the method in [6] or [7].
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The integral in (2) can be written as

/ Eat . Jatdl) :/ Eat . Jatdv +/ Eat . Jatdv (3)
R R—gap gap

where gap denotes a region that contains only a feed gap.
Here, J on the gap is defined as follows. A feed gap is filled
with a PEC, and a circumferentially directed magnetic current
is placed on the surface of the PEC that is filling the gap
(delta gap model). In this case, the electric current density on
the PEC filling gap is J* on the gap.

If an antenna is made of only PEC, then the tangential com-
ponent of E* on the PEC is much smaller than the tangential
component of E3 on the feed gap, and the first integral on the
right-hand side of (3) can, therefore, be neglected. The second
integral on the right-hand side of (3) is approximated by
— VA where V2 is the voltage difference between the input
terminals of an antenna, when the source is applied at the input
terminals. Therefore, (2) is valid when an antenna is made of
only a PEC.

If the loss of an antenna is large, then the first integral
on the right-hand side of (3) is not negligible. Therefore, the
input impedance of an antenna cannot be calculated using the
previously induced EMF method when the loss of an antenna
is large. The electric field and current density on a lossy
conductor are related by

Etan — Z§1J§1 (4)

where E™ is the tangential component of the electric field to
a surface (or line), J¥ is the surface (or line) electric current
density, and 75 is the surface (or line) impedance. When an
antenna is made of only a lossy conductor, from (3) and (4),
the input impedance of the antenna is as follows:

1 1
73 ~ — (Iat)z / Eat . Jatdl) + (Iat)z/ ZSlJat . Jatdl)
R R—gap
1
~ _W /1; (Eat _ Zleat) . Jatdv. (5)

For the second integral in (5), integrations over the R-gap
and R are almost the same because the gap is very small.
Equation (5) is used to calculate the input impedance of
an antenna when the current distribution of an antenna in
transmitting mode is known.

B. Variation of the Input Impedance of an
Antenna Due to Objects

In this paper, objects are classified into two types: type A
and type B. Type A object exists with an antenna when deter-
mining the current distribution of an antenna in transmitting
mode (J), which is used for the calculation of the open-circuit
voltage of an equivalent circuit for a receiving antenna (V°°).
Type B objects do not exist when the current distribution of
an antenna in transmitting mode is determined to calculate
the open-circuit voltage of an equivalent circuit for a receiving
antenna. Therefore, when the current distribution of an antenna
in transmitting mode (J*) is determined, the antenna is excited
by a source at a feed port in the presence of a type A object
and in the absence of type B objects; then the current of the
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Fig. 5. Equivalent circuit for a transmitting antenna with type A and type B
objects.
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antenna is calculated. Thus, the object referred to in Section II
is a type A object. A type A object is always present when
the current distributions of antennas is determined to calculate
their impedance parameters. For example, an environment
such as ground is set as a type A object, and obstacles around
the antennas are set as type B objects.

We will derive the difference between the input impedance
of an antenna in the presence of a type A object and absence
of type B objects (Z?), and in the presence of both type A
and type B objects (Z2°P). In the case where an antenna and a
type A object exist and type B objects do not, an antenna
in transmitting mode can be modeled using an equivalent
circuit for a transmitting antenna (Fig. 1). In the case where
an antenna and both type A and type B objects exist, and
the antenna is excited with a source at its feed port, the
electromagnetic field transmitted from an antenna is scattered
by the type B objects and this scattered field is incident on
the antenna. In this case, the voltage due to the scattered field,
as well as the voltage due to the source, is produced at the
feed port of the antenna. Antennas with type A and B objects
can be modeled such that the current-controlled voltage source
is connected to Z? in the equivalent circuit for a transmitting
antenna, as shown in Fig. 5. The voltage generated by the
dependent voltage source is proportional to the current flowing
at the feed port because the strength of the scattered field is
proportional to the current at the feed port.

The voltage generated by the dependent voltage source
(V%) can be calculated using the method for calculating the
open-circuit voltage (V°°) in the Thevenin equivalent circuit
for a receiving antenna. The currents of type B objects play the
role of the source currents in Section II. The voltage generated
by the dependent source is calculated as follows. First, when
an antenna is present along with a type A and type B objects,
it is excited at a feed port with a source. In this situation, the
currents of the type B objects in steady state are determined.
Next, the antenna and type B objects are eliminated but the
type A object and currents of the type B objects remain.
The electric field is calculated in the situation where the
type A object and the currents of the type B objects are
present. Next, the voltage V% is calculated using the electric
field and (1).

The input impedance of an antenna is the ratio of the voltage
to the current at the feed port. Let the voltage and current at
the feed port, when an antenna is excited at its feed port in
the presence of type A and type B objects, be V2 and 7200,
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respectively. Solving the circuit in Fig. 5, the port current
Iaob is

Vaob o Vds
o ©
Therefore, the input impedance of an antenna in the presence
of both type A and type B objects, Z*, is

Iaob —

Zaob B Vaob B VaobZa .
T Jaob T yjaob _ yds® ™
Calculating Z2° — 72
b ds ds
Zaob_Za= yaobza o ydsza _ VQ.
yaob _ yds yaob _ yds Jaob
(3)

From (1) and (8), a formula for the difference between the
input impedance of an antenna in the presence of a type A
object but no type B object and in the presence of both type A
and type B objects can be given as follows:

1 / EOb . Jatdv (9)
R

aob a _
Z -1 = Jaob yat

where E° is the electric field generated from the currents
of type B objects and a type A object when an antenna
is excited at its input terminals in a situation where all,
antenna, type A, and type B objects, are present. The electric
field generated by the current of the antenna is not included
in E°P. J is the electric current density of an antenna when
its input terminals are excited in the presence of a type A
object and absence of type B objects. I is the total electric
current at the input terminal when the current density of an
antenna is J*. Note that E°® is proportional to 72°° and J is
proportional to 7. E°® can be considered as an electric field
generated by type A and type B objects when an ideal current
source generating 72°® is connected to the feed port of an
antenna.

To calculate the input impedance of an antenna with both
type A and type B objects (Z2°°) using (9), the electric field
scattered by the type B objects (E°) is required. If we calcu-
late the electric field E° in a situation where a transmitting
antenna, type A, and type B objects exist, then we can easily
find the input impedance of an antenna with both type A and
B objects, 72b_Therefore, in this case, (9) is not required to
calculate Z®P, In some cases, we can calculate E°° without
determining the electric field in the presence of a transmitting
antenna and both type A and type B objects. If the antenna and
type B objects are not electrically very close, then the shape
of the current distribution of a transmitting antenna with both
type A and type B objects is similar to that of a transmitting
antenna with only a type A object. In this case, E°® can be
approximately calculated using the current of a transmitting
antenna with only a type A object (J*) rather than the
current of a transmitting antenna with both type A and type B
objects.

Therefore, the input impedance of an antenna with both
type A and type B objects can be calculated using the current
distribution of a transmitting antenna with a type A object and
without type B objects, if the antenna and type B objects are
electrically not very close.

5135
Current of
Type B object
Type B A1
Antenna A ﬁ*
Type A Object Type A Object
(a (b)
A Type B
ntenna Obiect
! ~
4
Y
; Current of an antenna ;
Type A Object in transmitting mode \ Type A Object
Source 4
Vel
A
(© (]

Fig. 6. Method for calculating the input impedance of an antenna near
objects. (a) Situation in which the impedance Z° is determined. (b) Situation
in which the electric field E°P is determined. The current density of type B
objects is determined in the situation in (a). (c) Situation in which the input
impedance Z?® and electric current density J2 of an antenna in transmitting
mode is determined. (d) Situation in which the current density of type B
objects is approximately determined when an antenna and type B objects are
not very close electrically. The current of an antenna in transmitting mode
are determined in the situation in (c).

IV. SELF AND MUTUAL IMPEDANCE
OF COUPLED ANTENNAS

A. Mutual Impedance Between Antennas

The relationship between the voltages and currents at ports
can be described using the impedance parameters as follows:

N
Vin =2 Zunln (10)
=1

where V;, is the voltage at the port of the mth antenna, I, is the
current at the port of the nth antenna, Z,,, is the impedance
parameter (or Z-parameter), and N is the total number of ports.
In this paper, the nth antenna is denoted as antenna n. The
impedance parameters can be determined as

when [; =0 fori # n.

V,
Zonn = 1—’" (11)

n
When m # n, Zp, is called a mutual impedance. In (11),
Vin is equivalent to the voltage at the feed port of antenna
m when antenna n is excited at its port by the current of I,
and all other antennas are open-circuited. When m # n, V,,
in (11) can be obtained by using the method for calculating
the open-circuit voltage in the Thevenin equivalent circuit for
an antenna in receiving mode. The currents of the type B
objects and antennas, except for antenna m, play the role of
the source currents in Section II. From (1) and (11), the mutual
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impedance, Z,,,, is as follows:

1

Zimn = _In—lr?lt/m Emn Js;dl)

12)

where

Epn =G (JX5") + | D GRINT) | + G (I%") (13)

i#n,m

form # n. In (12), Jﬁi is the electric current density of antenna
m when antenna m is excited at its input terminals with a
source, in the presence of a type A object and in the absence
of other antennas and type B objects; I is the total electric
current flowing at the input terminal of antenna m when the
current density of antenna m is Jﬁi; and R, is a region that
contains only antenna m. E,,, is the electric field at antenna
m due to the currents of the other antennas and type A and
type B objects when antenna » is excited at its input terminals
and antennas except n are open-circuited. E,,,, is calculated
as follows: first, in a situation where all antennas and type A
and type B objects exist, antennas other than antenna n are
open-circuited, and antenna n is excited at the input terminals.
Then, the current distributions of the antennas and the type B
objects in the steady state are calculated. Second, the antennas
and type B objects are eliminated, but the currents of the
antennas, except antenna m, and the currents of the type B
objects remain (the current of antenna m is eliminated). The
electric field is calculated from the currents of the antennas
except antenna m and the currents of the type B objects in the
presence of a type A object. I, is the value of the total electric
current at the input terminal of antenna n with open-circuited
antennas and type A and B objects when the electric field is
E;n. In (13), G is the dyadic Green’s function when only
a type A object exists. J§4", Joi 7, and Joi" are the electric
current densities of antenna n, open-circuited antenna i, and
the type B objects, respectively, when antenna n is excited
at its input terminals so that the current at the input terminal
is I, in a situation where the antennas, type A object, and
type B objects are all present, and the antennas, except n are
open-circuited. Note that E, is proportional to 1, and J2 is
proportional to 2.

Using a reciprocity theorem [8, eq. (3-36)], (12) can be
written in another form

1
_I Jat / Eﬁi - Jmndv
ntm mn

where E¥ is the electric field generated when antenna m
is excited at the input terminals so that the current at the
input terminal is /%' in a situation in which only antenna
m and a type A object exist, i.e., E¥ is generated by J
and a type A object. J,, is the electric current density of
the type B objects and antennas, except for antenna m, when
the antennas except antenna n are open-circuited and antenna
n is excited by an ideal current source generating I,, i.e.,
Ton = I+ (i 1+ IS (m £ m). That s,
when J,,, and a type A object exist, the electric field E,;,
is generated. R, is a region containing J,,.

To calculate the mutual impedances using the method pre-
sented in this paper, we must know the current distributions

Zmn =

(14)
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Fig. 7. Method for calculating the mutual impedance Z;,. (a) Situation
in which impedance parameters of antennas is determined. (b) Situation in
which J& is determined. (c) Situation in which Jgy", Jox'', and Jop" is
determined. (d) Situation in which E,;;, is determined. Currents of antennas
and type B objects are determined in situation in (c). (e) Situation in which
E;un is approximately determined when antennas and a type B object are
not very close electrically and antennas are electrically small. (f) Situation in
which the current of the antenna in transmitting mode in (e) is determined.

of all antennas. In some cases, we can predict the current
distributions of antennas without calculating the currents in
the situation where all antennas and all objects are present.
When antennas and type B objects are electrically not very
close and antennas are electrically small, the shape of the
current distribution of the energized antenna, in the presence
of open-circuited antennas and both type A and type B objects
(J25"), is similar to the shape of the current distribution of an
antenna that is energized in the absence of other antennas and
type B objects and in the presence of a type A object (J2).
If an antenna is small compared to the wavelength, then the
strength of the electromagnetic field scattered by an open-
circuited antenna is much smaller than the strength of the
electromagnetic field generated by an energized antenna. Thus,
if the antennas and type B objects are electrically not very
close, open-circuited small antennas can be neglected when
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calculating E,,,,. Therefore, when the antennas are smaller
than the wavelength and the antennas and type B objects are
electrically not very close, E,,; can be approximated by
By GO+ 6™ (1)
I, It

(15)
where Jgtb’" is the current density of the type B objects that is
induced when only type A, type B objects, and J%' exist. If no
type B objects exist or if the field due to the type B objects
is much smaller than the field due to the energized antenna,

then
Emn ~ Ezt

L L

(16)

Therefore, in the case where the antennas are small compared
to the wavelength and the antennas and type B objects are
electrically not very close, the mutual impedance can be
calculated using only the current distributions of antennas in
transmitting mode in the absence of other antennas and type B
objects and in the presence of a type A object.

B. Self-Impedance of Antennas

In this paper, Z,,, is called the self-impedance when m = n.
The self-impedance Z,,, is equivalent to the impedance
observed at the feed port of antenna m when all antennas
and both type A and type B objects exist and all antennas,
except antenna m are open-circuited. The self-impedance can
be calculated using the same method used to calculate the
input impedance of an antenna near objects. When calculating
the self-impedance, the open-circuited antennas are considered
type B objects. From (9), the self-impedance Z,,, is as
follows:

a 1 at
Zim = Zm - ImI,%t X, Enm del) 17
where Z3 is the input impedance observed at the feed port of
antenna m when type A objects exist with no other antennas
and type B objects; and

B = | 2GR0 |+ 605",
i#m

Using the reciprocity theorem [8, eq. (3-36)], (17) can be
written in another form

(18)

1
-7 EX . Jumdv
LI / S

Where J’nm = [Zl#m JeX,I‘n] + Jg)};”n.

a0,

Zmm 19)

V. CALCULATION OF THE IMPEDANCE PARAMETERS OF
ANTENNAS USING EQUIVALENT CURRENTS

Let J;} be the electric current density that generates the
same electromagnetic field as that generated by J2'. Let E,,
be the electric field generated when J,! and a type A object
exist, i.e., the value of Eji is equivalent to that of Eﬁi Let

mh be the electric current density that generates the same
electromagnetic field as that generated by J,.,. Let Epl, be
the electric field generated when Jy, and a type A object
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exist, i.e., the value of Ef,?,, is equivalent to that of E,,.
We shall call J,! and J5;, equivalent current. Replacing E&
in (14) by E;;, and applying the reciprocity theorem to (14)
leads to

1
I, 1

m

Zmn = -

/ By - 1. (20)
Ril

Here, Rﬁ,q is a region containing Jf,?. Next, replace E;;;, in
(20) with E;+; and the following equation is obtained:

1 e

q yeq
I Iat eq Emn mdv
nim Rm

for m # n. Likewise, using the reciprocity theorem and
equivalent currents, (19) becomes as follows:

1
z: — Epbn - Jnidv.
m Imlf,l,t /R,enq mm mdl)

Equivalent current can be composed of infinitesimal electric
dipoles or electric loops. Let I¢ be the value of the current
of an electric dipole and [/ be the length of an electric dipole.
Let e be a vector whose direction is equal to the direction of
the flow of current in an electric dipole. Let the magnitude
of e be |I¢]], and let the phase of each component of e be
equal to the phase of 7¢. In this paper, we shall call 7°/ the
electric moment and e the electric moment vector. Let I" be
the value of the current of an electric loop and A be the area
of the circle bounded by the current of an electric loop. Let
m be a vector whose direction is perpendicular to the plane
in which the loop lies. Let the magnitude of m be [/"A[, and
let the phase of each component of m be equal to the phase
of I™. In this paper, we shall call /A the magnetic moment
and m the magnetic moment vector.

Suppose Jolin (21) and (22) is composed of one infini-
tesimal electric dipole with an electric moment vector e that
is located at x, where x is a position vector. Calculating the
integral in (21) and (22), we obtain

Zmn = -

21

(22)

Zinm =

BB ~ B0 e 23)
where n can either be equal to or different from m. Suppose
J,lin (21) and (22) is composed of one infinitesimal electric
loop with a magnetic moment vector m that is located at y,
where y is a position vector. Calculating the integral in (21)
and (22), we obtain

/ | Dh ?,?dozlhjf E?,?,,dl:—jwﬂlh// H;}, - ds
m oC C

~ —jouH,,(y) -m (24)

where HiJ, is the magnetic field when the electric field is EoL
and C is the region bounded by a circle at which the current
flows.

If J,! is composed of multiple infinitesimal electric dipoles
and electric loops, then the values of the integrals in (21) and
(22) are obtained by the superposition of results for all dipoles
and loops. Therefore, the result of the integral in the case of
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multiple infinitesimal dipoles and loops is as follows:
N
e = 37 (B0 1)
= o
—jop Y (Hom (v}
i=1

") -mi") - (25)

where ea ™ is the electric moment vector of the ith infinitesi-

mal dlpole for antenna m when its port current is /2, and m;™"
is the magnetic moment vector of the ith infinitesimal loop for
antenna m when its port current is I, fl ™ is the position of
the ith infinitesimal dipole for antenna m, and y:" is the
position of the ith infinitesimal loop for antenna m; N is
the total number of infinitesimal dipoles for antenna m, and
Nﬁ"m is the total number of infinitesimal loops for antenna m.
A collection of all /" and all m*" (m is fixed to one value)
generates the same ﬁeld as that generated by antenna m in
transmitting mode with a port current of /2. Note that e;""
and m;" are proportional to .

Let Eeq " and Heq " be the electrlc and magnetic fields,
respectlvely, generated when J;,}, a type A object, and type B
objects exist but no other currents does; that is, Engn
G (T + G Jo™), where Jo" is the current density of
the type B objects induced when a type A object, type B
objects, and Jflq exist. Let Ezg’n and Hzg’n be the electric field
and magnetic fields, respectively, generated when there are a
type A object and currents of type B objects induced in the
situation where J,}, a type A object, and type B objects exist;
that is, E;p" = GO*(J"). The electric field generated from
3 s not 1nc1uded in Eeq’ If the antennas are electrically
small and are not close to the type B objects such that the
influence of antennas and the type B objects on the shape
of the current distribution of the antenna can be neglected,
then E,}, /I, and H,,},/I, can be approximated by E-%"/ I

‘eob

and Hng" /I¥, respectively, when m # n, and E,s /1, and
H, /1, can be approximated by E"/I% and H(" /I,
respectively, because open-circuited electrlcally small antennas

are invisible, that is,

eq eq,n eq eq,n
Em” ~ Eeob Hm’l ~ Heob
Iy T It

En _ Ep"  Hi  HG"
I, T 12

If no type B object exists or if the influence of the type B
object on the field is small, then Ej}, /I, ~ Eeq/lat, H /1, ~

eq/Iz‘t, E;} ~ 0, and H,,;, ~ 0, where H,, is magnetlc field
when the electrlc field is E;}

(m # n). (26)

VI. MAXIMUM POWER TRANSFER EFFICIENCY AND
OPTIMUM LOAD IMPEDANCE

A. Maximum Power Transfer Efficiency

In this section, we will derive a formula that calculates
the maximum power transfer efficiency between two antennas
using equivalent currents. In this paper, the power transfer
efficiency is defined as the power dissipated at the load
in the receiving antenna divided by the power accepted by
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the transmitting antenna. A load is connected to a receiving
antenna, and a source is connected to a transmitting antenna.
If the impedance parameters of the two antennas are known,
the maximum power transfer efficiency can be calculated. The
formula for calculating the maximum power transfer efficiency
(PTE™®) is as follows [5]:

PTE™ = 2P
2—Re(X1X2) + /4 — 4Re(X | X2)—Im(X | X7)2
(27)
where
Z12 Zs1
1 (28)

~ VRe(ZiRe(Z)' ~~ Re(ZiDRe(Zn)
If the antennas and objects are reciprocal, then the maximum
power transfer efficiency is

PTE™ = X1 (29)
2 —Re(X?) + /4 — 4Re(X?) — Im(X?2)2
where
_ Zs1 _ Z12 30)
VRe(Z11)Re(Z22)  «/Re(Z11)Re(Z22)

Substituting (21) and (22) into (30), we obtain (31), as shown
at the top of the next page.

We assume that the antennas are small compared with the
wavelength and the antennas and a type B object are not very
close to each other so that they do not affect the shape of the
current distribution of an antenna, i.e., (26) is assumed.

The values of the port currents [y, I, I, and 3" are
arbitrary. We set I and I3 to be equal to I; and I,
respectively. Multiplying the numerator and denominator in
(31) by IIft||12£“| and using (26), we obtain (32), as shown
at the top of the next page, where arg(/{") and arg(l3") are
the phases of I and I3', respectively; Plrad is the power
radiated when antenna 1 operates in transmitting mode and
the port current of antenna 1 is I{* in the situation where
only antenna 1 and a type A object are present; Pz“‘ld is the
power radiated when antenna 2 operates in transmitting mode
and the port current of antenna 2 is 3" in the situation where
only antenna 2 and a type A object are present; nﬁad is the
radiation efficiency of antenna 1 with a type A object, and
;753‘1 is the radiation efficiency of antenna 2 with a type A
object. When the radiation efficiency is calculated, the losses
of both a type A object and an antenna should be used. In (32),
the integral can be calculated using (25).

For many antennas that are much smaller than the wave-
length, the phases of the currents at all points of an antenna and
at a port are almost in phase or 180° out of phase. Furthermore,
in many cases of small antennas, the phases of the antenna
currents and its equivalent currents are almost in phase or are
180° out of phase. Most antennas used in near-field wireless
power transfer are very small compared to the wavelength.
Therefore, If‘t and 12at are in phase or 180° out of phase with
J?q and J;q, respectively, in many near-field wireless power
transfer systems.

From the gradient of (29), with respect to Re(X) and Im(X),
we can identify that the maximum power transfer efficiency
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1 eq  yeq
TIIE fR§q Ey - Jydo
X = 2 3D
a 1 eq  yeq a 1 eq  yeq
\/Re (Z1 ~nm fqu E;-J; d“) Re (Zz T LI ngq Ey»-J; d”)
—e™/ (arg (17") +arg (13") ) S e Ol b
R," “eob 2
X = (32)
prad _idare (12 eq,1 eq prad —j2arg (I eq,2  yeq
\/zn%ad —Re(e 2 1)fRfQEob Jydv 2,7§ad —Re (e’ g(z)ngqub -Jydv
increases as the real or imaginary part of X increases. There- From (28)
fore, if the field patterns of the antennas are the same, the
Z12Z21 = Re(Z11)Re(Z22) X1 X2. (35)

maximum power transfer efficiency becomes larger as the
radiation efficiencies of the antennas become larger. Thus,
making an antenna with a high radiation efficiency is very
important for efficient wireless power transfer.

From (29) and (32), we can identify that to calculate the
maximum power transfer efficiency, the near-field patterns,
equivalent currents, radiated power, and radiation efficiencies
of the antennas in transmitting mode are required. The equiv-
alent current and radiated power can be found from the near-
field pattern generated when an antenna with a type A object
operates in transmitting mode. Therefore, in the case where the
antennas are electrically small and antennas and type B objects
are electrically not very close, the maximum power transfer
efficiency of wireless power transfer can be calculated using
only the near-field patterns and the radiation efficiencies of the
antennas in transmitting mode which are alone with a type A
object. Even when the detailed geometry of the antennas is
not known, the maximum power transfer efficiency can be
calculated if the near-field patterns and radiation efficiencies
of the antennas are given.

If the equivalent currents are simple, i.e., composed of a
few point sources, the maximum power transfer efficiency
can be calculated relatively rapidly using equivalent currents.
We can simply estimate the efficiency of the wireless power
transfer if we can guess the simple equivalent currents of the
antennas.

B. Optimum Load Impedance

The power transfer efficiency depends on the load
impedance. The load impedance that maximizes the power
transfer efficiency is called the optimum load impedance.
In this section, a method for calculating the optimum load
impedance (ZIOJp t) is presented. In the case where a source is
connected to the port of antenna 1 and a load is connected
to the port of antenna 2, the optimum load impedance is as
follows [5]:

Re(Z;")
Re(Z Im(Z12Z21)?
= \/Re(zmz ~ %Re(zuzm - %;33 (33)
Im(2;")
_ ImZiZa) oz, (34)

2Re(Z11)

Substituting (35) into (33) and (34), Re(Z;™") and Im(Z;™)
become

Re(Z;™) = Re(Zzz)\/ 1 —Re(X 1 X2) — %Im(Xle)z (36)
Im(z;™) = %Re(zzz)lm(Xle) — Im(Z2). (37)

If antennas and objects are reciprocal, then Re(ZEp t) and
Im(Z;™) are

Re(ZEPt) = Re(Zzz)\/ 1 —Re(X?) — ;le()ﬂ)2 (38)

Im(zZ™) = %Re(Zzz)Im(Xz) —Im(Z2). (39)

To calculate the optimum load impedance, X and Z»; are
required. X can be calculated from the near-field patterns and
radiation efficiencies of antennas 1 and 2 in transmitting mode,
and Zj; can be calculated from the near-field pattern and the
input impedance of antenna 2 in transmitting mode.

VII. VALIDATION AND EXAMPLE
A. Three Dipole Antennas on an Infinite Dielectric

To validate the formulas in Section IV, we calculated the
impedance parameters of multiple antennas using the theory
presented in Section IV and using the electromagnetic sim-
ulator FEKO. We then compared the results obtained with
the two methods. In the simulation, three dipole antennas and
one linear wire are on the surface of an infinite dielectric.
Half of the space is free space and the rest is dielectric. The
dielectric constant and the loss tangent of the dielectric are
10 and 0.1, respectively. The lengths of the dipole antennas
are 15, 20, and 25 cm, and the length of the linear wire
is 30 cm. The diameters of all dipole antennas and the linear
wire are 0.1 mm. The conductivity of the material constituting
antennas and wire is 2 x 103 S/m. We set the diameters of the
antennas and wire and the conductivity of the material to be
very small to make the loss large. Three dipole antennas are
fed at their centers. The antennas and wire are arranged in the
order of the 25 cm dipole antenna, 30 cm linear wire, 15 cm
dipole antenna, and 20 cm dipole antenna. The first antenna is
the 25 cm dipole antenna (antenna 1), the second antenna is the
15 cm dipole antenna (antenna 2), and the third antenna is the
20 cm dipole antenna (antenna 3). The three dipole antennas
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Fig. 8.

Simulation configuration for Section VII-A.

and the linear wire are parallel, and the line connecting the
centers of the three dipole antennas and the linear wire is
perpendicular to the three dipole antennas and one linear wire
(Fig. 8). In this section, we set an infinite dielectric to be a
type A object and the 30 cm linear wire to be a type B object.
Z31 and Z»; at frequencies ranging from 100 MHz to 1 GHz
were calculated in two cases. In the first case, the distance
between the centers of the adjacent two wires (d in Fig. 8)
is 1 cm. In the second case, the distance between the centers
of the adjacent two wires (d in Fig. 8) is 8 cm. When d
is 1 cm, the self-impedance Z;; and mutual impedance Z3;
were calculated using (17) and (12), respectively. The electric
field Eoy in (17) was calculated for the situation in which
the 25 cm dipole antenna and the 20 cm dipole antenna were
open-circuited and the 15 cm dipole antenna was excited at
its feed port. The electric field E3; in (12) was calculated
for the situation in which the 15 cm dipole antenna and the
20 cm dipole antenna were open-circuited and the 25 cm
dipole antenna was excited at its feed port. When d is 8 cm,
the mutual impedance Z3; was calculated using (12) and (15).
The electric field E3; was calculated for the situation in which
J§" and the 30 cm wire were placed on the surface of an
infinite dielectric such that the distance between Ji' and the
30 cm wire is 8 cm and the antennas were not present. In the
calculation of the mutual impedance for d of 8 cm, the 15 cm
dipole antenna was neglected because open-circuited 15 cm
dipole antennas rarely scatter. For both cases (d = 1, d = 8),
the current densities Ji', J5', and J§' were calculated when
the 25 cm dipole antenna, 15 cm dipole antenna, and 20 cm
dipole antenna were alone in the half-space, respectively.
Fig. 9 shows the Zj> and Z3; values for a d of 1 cm
calculated using the method of moments in FEKO? and
those calculated using the formulas presented in Section IV.
In Fig. 9, the values calculated with FEKO and those calcu-
lated with the theory are almost the same. When d is 1 cm,
if the mutual impedance is calculated using (12) and (15)
(the same method as that used for a d of 8 cm), the errors
between the values calculated with FEKO and with the theory
are large. Fig. 10(a) shows the Zy, values for a d of 8 cm
and the input impedance of the 15 cm dipole antenna that is
alone in the half-space. Both are calculated using the method
of moments in FEKO. Fig. 10(b) shows the Z3; values for a

3Impedance parameters were calculated from the scattering parameters
obtained with FEKO.
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Fig. 9. Zp and Z3; when d is 1 cm for the scenario in Fig. 8 calculated

with FEKO and calculated exactly with the theory in Section IV. (a) Real and
imaginary parts of Z3;. (b) Real and imaginary parts of Z3j.

d of 8 cm calculated using FEKO and those approximately
calculated using the theory in Section IV. Fig. 10(a) shows
that Z,5 is similar to the input impedance of the 15 cm dipole
antenna in the half-space. In Fig. 10(b), we can identify that
the mutual impedance can be calculated with a small error
using only the current distribution of the transmitting antenna
that is alone in the half-space.

B. Two Helical Antennas Above an Infinite Dielectric

We calculated the impedance parameters of two helical
antennas over half-space using equivalent currents and the
electromagnetic simulator FEKO. Half of the space was free
space and rest was a dielectric. The dielectric constant was 10,
and the loss tangent of the dielectric was 0.1. The antennas
were termed helical antenna 1 and helical antenna 2. For
helical antenna 1, the radius was 8 cm, the height was 10 cm,
the number of turns was 8, and the diameter of the cross-
section of the wire was 1 mm. For helical antenna 2, the
radius was 6.8 cm, the height was 12 cm, the number of
turns was 10, and the diameter of the cross section of the
wire was 1 mm. Both helical antenna 1 and helical antenna 2
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Fig. 10. Zy> and Z3; when d is 8 cm for the scenario in Fig. 8 calculated
with FEKO and calculated approximately with the theory in Section IV.
(a) Real and imaginary parts of Zy> and real and imaginary parts of the input
impedance of a 15 cm dipole antenna in half-space. (b) Real and imaginary
parts of Z3;.

were made of copper. The two helical antennas were fed at
the middle of the wire, i.e., the lengths of the wires at the two
sides of the port were the same. The resonant frequencies of
helical antenna 1 and 2 were 29.4 and 30.0 MHz, respectively.
The axes of the helical antennas were perpendicular to the
dielectric surface. The shortest distance between the center
of the helical antenna and the surface of the dielectric was
20 cm for both the helical antennas. The distance between the
centers of the two helical antennas was 40 cm (Fig. 11). In
this section, we set the infinite dielectric as a type B object,
and there is no type A object.*

The equivalent current can be found from the coefficients of
spherical waves generated by an isolated transmitting antenna
in free space. Fig. 12 shows the point source, dipole source,
and quadrupole source. One point electric source generates
only the TMp; mode, and one point magnetic source gen-
erates only the TEp; mode [8, p. 287] (a point electric

4We can also think that a type A object is made of materials that are the
same as free space and a type A object is present anywhere outside of the
helical antennas and dielectric.
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Fig. 11. Simulation configuration for Section VII-B.

Fig. 12.  (a) Point electric source. (b) Dipole electric source. (¢) Quadrupole
electric source. (d) Point magnetic source. (e) Dipole magnetic source.
(f) Quadrupole magnetic source. The centers of the infinitesimal electric
dipole and infinitesimal electric loop are on the z-axis. The infinitesimal
electric dipoles are perpendicular to the xy plane, and the infinitesimal electric
loops are parallel to the xy plane. The center of the source is located at the
coordinate origin for all six sources. The distance s between infinitesimal
electric dipoles or infinitesimal electric loops in the dipole and quadrupole
sources is much smaller than the wavelength. /Iy, Il;, and [l3 are the values
of the electric moment of an infinitesimal electric dipole in point, dipole, and
quadrupole electric sources, respectively. /A1, A2, and [A3 are the values of
the magnetic moment of an infinitesimal electric loop in point, dipole, and
quadrupole magnetic sources, respectively.

source is equivalent to an infinitesimal electric dipole, and
a point magnetic source is equivalent to an infinitesimal
electric loop). A dipole electric source generates only the
TMp, mode, and a dipole magnetic source generates only
the TEp; mode [8, p. 288]. A quadrupole electric source
generates TMo; and TMo3 modes, and a quadrupole magnetic
source generates TEg; and TEg3 modes [8, p. 314]. Because
helical antennas 1 and 2 mainly generate the TMgp;, TMo3,
TEp;, and TEp3 modes, the point electric source, quadru-
pole electric source, point magnetic source, and quadrupole
magnetic source can be the equivalent currents of helical
antennas 1 and 2. We determined the electric moment of an
infinitesimal electric dipole and the magnetic moment of an
infinitesimal electric loop in equivalent current such that the
spherical wave coefficients generated by the equivalent current
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TABLE I
COEFFICIENTS OF DOMINANT SPHERICAL WAVES FOR
HELICAL ANTENNA 1 EXCITED WITH 1 V
Erequencyl 14 Mpy 20 MHz 30 MHz

Mode
_ S| .| —1286x107
TMy; 2.299 x 107 1.531 x 1077 147515107
_ | .| —1.290x 107"
TEo 7.683 x 107° 1.023 x 107 14765 %107
10 . 1.444 x 1078
TMos 2.991 x 107 7.841 x 107§ ~5322%107;
11 - 9. 5.828 x 107
TEg; 4273 x 107§ 2.193 x 107 —2142%107;

TABLE 11
COEFFICIENTS OF DOMINANT SPHERICAL WAVES FOR
HELICAL ANTENNA 2 EXCITED WITH 1 V
Erequencyl 14 mpy, 20 MHz 30 MHz

Mode
-~ s 4. | —1.182x107"
TMy, 2422 x 107 1.570 x 10 ~9.625% 107
B | 5. | —8.885x107
TEy, 6.066 x 10" 7.865x107°; | 7232 % 102
0. . 7.634 x 107
TMy; 1.934 x 1077 4.832 %107 16216%10°)
ST i 1.451 x 107
TEy; 1.594 x 107 7.346 x 107 FLI82% 10

TABLE III
ELECTRIC AND MAGNETIC MOMENTS OF EQUIVALENT

CURRENT FOR HELICAL ANTENNA 1

Erequency| 14wy 20 MHz 30 MHz
Parameter
5 s 4.576 x 107
1, 2453 x 107 8.169x107) | _ 'eo 10°
5. . 7.299 x 107
14, 3.912x 107 13033107 | =00 10% ]
B | .| —3.038x10*
Il 1.699 x 107 5.569 1077 | 150 102
_ | .| —1.951x107"
14, 1.158 x 107 37151075 | 5 10°
K 1cm 1 cm 1 cm
TABLE IV

ELECTRIC AND MAGNETIC MOMENTS OF EQUIVALENT

CURRENT FOR HELICAL ANTENNA 2

and helical antenna were the same. In addition to this method
using spherical waves, equivalent current can also be found
by another method, such as the method described in [9].

We applied 1 V to isolated helical antenna 1 in free space
and calculated the coefficients of the spherical waves generated
by helical antenna 1 when the origin of the coordinate system
was located at the center of the helix, the z-axis coincided
with the axis of the helix, and the feed port was on the
x-axis. In addition, we applied 1 V to isolated helical antenna
2 in free space and calculated the coefficients of the spherical
waves generated by helical antenna 2 when the origin of the
coordinate system was located at the center of the helix, the
z-axis coincided with the axis of the helix, and the feed port
was on the x-axis. The coefficients of the spherical waves
were calculated using the spherical wave function in [5]. The
coefficients of the dominant spherical waves generated by
helical antennas 1 and 2 are presented in Tables I and II,
respectively. The equivalent current for the helical antenna was
composed of one point electric source, one point magnetic
source, one quadrupole electric source, and one quadrupole
magnetic source. Because the TMg, and TEp; modes are not
produced by helical antennas 1 and 2, no dipole sources are
present in the equivalent current. We set the distance between
the two infinitesimal electric dipoles in the quadrupole elec-
tric sources and the distance between the two infinitesimal
electric loops in the quadrupole magnetic sources to be 1 cm
(s = 1 cm in Fig. 12). We found the electric moments of the
infinitesimal electric dipoles and the magnetic moments of the
infinitesimal electric loops from the spherical wave coefficients
of the helical antennas. The TMp; and TE(p; modes generated
by the quadrupole electric and magnetic sources are much

Erequency 10 MHz 20 MHz 30 MHz
Parameter
5. s, 4207 x 1072
1, 2.585x 107 8.379 x 107 13424 %107
s . 4, 5.027 x 1072
14, 3.089 x 1075 LO0T X107 | e 1o 2;
B | .| —1.606x 10"
1l 1.099 x 10™*; 34321075 | 506 10
B S| .| —4.857x107
14, 4322 %107 1245107/ | Joce, 102
s 1cm 1cm 1cm
TABLE V

RADIATION EFFICIENCY OF HELICAL ANTENNA 1
AND HELICAL ANTENNA 2

Frequency 10 MHz 20 MHz 30 MHz
Antenna
Helical 0.00647 0.0254 0.0682
antenna 1
Helical 0.00835 0.0296 0.0719
antenna 2

smaller than those generated by the point electric and magnetic
sources. Therefore, the TMg; and TEp; modes produced by the
quadrupole electric and magnetic sources were ignored in the
calculation of the electric and magnetic moments. The electric
moment of the infinitesimal electric dipole and the magnetic
moment of the infinitesimal electric loop in the equivalent
currents for helical antennas 1 and 2 are presented in
Tables III and IV, respectively.

We calculated the impedance parameters of two helical
antennas over half-space at frequencies from 10 to 30 MHz
using (21), (22), (25), and equivalent currents (point sources
and quadrupole sources). The current distribution of helical
antenna 1 (or 2) over half-space that is excited at its feed port
when helical antenna 2 (or 1) is open-circuited is assumed
to be similar to the current distribution of helical antenna 1
(or 2) that is alone in free space and excited at its feed port
because the antennas and the dielectric are not very close.
Therefore, we used Eg%’l, Eg%’z, and Eeq’1 instead of E?}

eob

E51, and E5], respectively, in (21), (22), and (25) (I; = I,
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Impedance parameters of helical antennas in half-space and free space. (a) Real part of Z;1. (b) Imaginary part of Z1j. (c) Real part of Z;. (d)

Imaginary part of Z5. (e) Real parts of Zp and Zy,. (f) Imaginary parts of Z> and Zy;.

I, = I3 was set). The electromagnetic fields Equ’1 and Ezgfjl

were calculated using the Sommerfeld integral [10], [11] in
a situation where only JTq and the infinite dielectric exist. The
electromagnetic field Equ’z was calculated using the Sommer-
feld integral in a situation where only J;q and the infinite
dielectric exist. Fig. 13 shows the impedance parameters of
helical antennas over half-space calculated using the method
of moments in FEKO and equivalent currents. The two results

are in good agreement. In Fig. 13, the impedance parameters
of the helical antennas in free space calculated using FEKO
are also presented. The configuration of the helical antennas
in free space is the same as that in half-space, except that the
infinite dielectric does not exist.

We also calculated the maximum power transfer efficiency
using (29). X in (29) was calculated using two methods.
In the first method, X was calculated from (30) using the
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Fig. 14. Maximum power transfer efficiency between helical antennas in
half-space.

impedance parameters obtained with FEKO. In the second
method, X was calculated using the equivalent currents,
radiation efficiencies (radiation efficiencies at the part of the
frequencies are presented in TABLE V) and (32). In the
second method, we calculated X in two cases. In the first
case, X was calculated using the point electric source, point
magnetic source, quadrupole electric source, and quadrupole
magnetic source. In the second case, X was calculated using
the point electric source and point magnetic source. When we
calculated X using (32), we used the phase of the current of
the point electric source in equivalent current rather than the
phase of the port current. That is, we used arg(/l;) instead
of arg(/{") and arg(/3"). Fig. 14 shows the maximum power
transfer efficiency between the two helical antennas calculated
using FEKO and equivalent currents. Good agreement was
found between the results obtained with FEKO and those
obtained with the point and quadrupole sources.

VIII. CONCLUSION

In this paper, we derived formulas that calculate the
impedance parameters (Z-parameters) of multiple antennas
near objects to analyze wireless power transfer. Furthermore,
we proposed a method to calculate the impedance parameters
of antennas, the maximum power transfer efficiency, and the
optimum load impedance of the wireless power transfer system
using equivalent currents that generate the same electromag-
netic field as that generated by an antenna in transmitting
mode.

The theory developed in this paper facilitates understanding
the principles of wireless power transfer. Once the near-field
patterns and radiation efficiencies of antennas in transmitting
mode are known, the maximum power transfer efficiency
between two antennas can be calculated using equivalent
currents if the antennas are electrically small and not very
close. If the equivalent currents of the antennas are simple,
then the maximum power transfer efficiency of wireless power
transfer can be predicted simply without using the complex
geometry of the antennas.

Although we derived impedance parameters of antennas to
analyze wireless power transfer, the formulas for impedance
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parameters can also be applied to an array antenna. We derived
the impedance parameters under the assumption that antennas
are fed at an infinitesimal gap. However, the formulas for the
impedance parameters are also valid for antennas fed with a
coaxial cable.
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