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Abstract—The equivalence and differences between
some different approaches to efficient Wireless Power
Transfer are explored analytically. Design methods for
transmitting arrays intended to wirelessly feed a re-
ceiving device can be found in the scientific literature
under different framworks such as Near-Field Focusing,
microwave device design or MIMO communications.
However, those apparently different approaches result
in equal or at least very close solutions. In this commu-
nication, the advantages, drawbacks or equivalences of
these techniques are analyzed, and some simulations are
carried out to support the conclusions. Some interesting
future research lines are also highlighted.

Index Terms—wireless power transfer, near-field, an-
tenna arrays.

I. INTRODUCTION

Tesla’s dream of transmitting energy without the
need for wires has come true, to some extent, in recent
years through some techniques referred to as Wireless
Power Transfer (WPT). In some of the most popu-
lar approaches, WPT is carried out through the use
of antenna arrays designed to concentrate the power
onto a given direction where the device to be fed is
located. When these arrays are working in the antenna-
radiative near-field (NF) region, it has been found
that such concentration of power can be achieved
efficiently. However, it is interesting to notice that
different scientific areas have reached their own design
method to improve or optimize the performance of the
array, in some cases considering different definitions
of efficiency.

One of the most extended methods to concentrate
the energy onto a given location is found under the
framework of NF Focusing (NFF), in the field of
antenna design, and is based on raw physics and
geometry. The Conjugate-Phase (CP) method [1] is an
elegant and simple procedure that allows calculating
the phase shifts that must be applied to the elements of
an array so that all their contributions arrive in-phase
to the position of interest, the so-called focal point,
hence creating a constructive interference resulting in
an increased level of radiated field power at that point,
while it remains much lower at any other position. The
Power Transfer Efficiency (PTE) method [2], [3] has
been proposed under the frame of microwave design.
The PTE is defined as the ratio between the power
received by the device to be fed and the power trans-
mitted by a given antenna. This is a very reasonable

figure of merit, and the method allows obtaining the
optimal set of weights required in a given array to
maximize the PTE, at least under some circumstances.
Finally, from the field of MIMO communications, the
power at the receiver can be maximized when channel
state information (CSI) is known by using so-called
Maximal Ratio Combining (MRC) [4].

These three methods are state-of-the-art solutions
in their respective fields, and they are considered as
almost standard design methods. In this communica-
tion, we explore their equivalence and differences. It
will be shown that, under certain circumstances, they
can be considered almost (or totally) equivalent, but
their formulation may have different advantages or
allow their suitability for different kind of problems.
Moreover, a deep study of their formulation may
allow getting some improvements or establishing some
interesting future research lines in the field of WPT
design methods.

II. ANALYSIS OF THE PROPOSED WPT METHODS

Let us consider any transmitting N -element antenna
array. The position vector corresponding to any point
in the near environment of the antenna is ~r, while the
position vector corresponding to the n-th element of
the array is ~r′n. The electric field radiated by the N
elements of the array at any position ~r = {x, y, z} of
the antenna-radiative near-field region is given by

~E(~r) =

N∑
n=1

wn ~E0(θn, φn)e
−j2π|~r−~r′n|/λ

|~r − ~r′n|
(1)

where wn ∈ C is the weight applied to the n-th
element of the array and k = 2π/λ, and ~E0(θn, φn)
is the normalized radiation pattern of an array element
in the direction defined by (θn, φn) corresponding to
the vector (~r − ~r′n), and also accounting for the field
polarization. For the sake of simplicity, let us consider
the case where the array elements are isotropic, so that
~E0(θn, φn) = 1. In this first analysis we will also con-
sider a scenario where Line of Sight (LoS) conditions
are satisfied, without any multipath effects, and with
a Gaussian fading channel between the transmitting
array and the device to be fed.

The three methods to be evaluated are:
• The Conjugate-Phase (CP) method [1].
• Maximal Ratio Combining in MIMO Beamform-

ing for optimal Signal-to-Noise Ratio [4].



Fig. 1. Multiple Input, Single Output (MISO).

Fig. 2. Single Input, Multiple Output (SIMO).

• The Power Transfer Efficiency (PTE) method [2],
[3].

A. Conjugate-Phase method

Near-Field Focusing (NFF) is a state-of-the-art
framework where a radiating system is designed to
concentrate the radiated filed on an assigned location
called the focal point [5], [1]. This idea is a key
element of applications such as imaging, RFID [6],
some medical applications [7], or WPT [8]. Althought
some different techniques are proposed in the liter-
ature, one of them, the Conjugate-Phase method, is
considered the standard solution due to its robustness
and simplicity.

In the CP method, the phase distribution required at
the array is directly obtained from raw geometry and
physics. The role played by the phase shift applied
to each element is to compensate the difference of
distance between the element and the focal point,
creating a delay so that all the contributions from all
the array elements arrive in-phase to the focal point,
hence creating a constructive interference.

The phase shift to be applied to the n-th array
element is

ϕn =
2π

λ
|~r − ~r′n| (2)

The resulting weight is

wn = ej2π|~r−~r
′
n|/λ (3)

B. Maximal Ratio Combining

MIMO (Multiple Input, Multiple Output) schemes
are usually chosen depending on the availability of
Channel State Information (CSI) in the transmitter.
CSI is always supposed to be known at the receiver
by using different channel estimation or equalization
methods, but it may also be known at the transmitter.
In such case, a technique usually referred to as beam-
forming is used to maximize the Signal-to-Noise Ratio
(SNR) at the receiver.

To study the effect of spatial diversity in MIMO,
it is usual to study the sub-case of MISO or SIMO
systems (Figs. 1 and 2).

A detailed study of the SIMO case allows determin-
ing the optimal SNR. Let h = [h1, h2, . . . , hN ]T be

the vector of fading-channel coefficients in a SIMO
system with N receiving antennas. The received sig-
nals, y1, y2, . . . , yN may be arranged in a column reve-
iced vector y = h·x+n, where n is a vector containing
N noise samples n1, . . . , nN , with ni ∼ CN (0, σ2

n)
(where CN stands for a complex normal distribution),
and x is the transmitted signal. By applying a set of
weights at the receiver, w = [w1, . . . , wN ]T , it can be
shown that the resulting SNR is

SNR =
|wHh|2 · Ptx
||w||2 · σ2

n

(4)

where Ptx is the transmitted signal power. It may be
maximized by choosing

w =
h∗

||h||
(5)

with the n-th weight given by

wn =
h∗n
||h||

(6)

The resulting SNR is

SNR =
||h||2 · Ptx

σ2
n

(7)

This is the expression of the maximum SNR that
may be achieved in SIMO or, applying symmetry,
MISO systems. The set of weights achieving this
maximum SNR is called the Maximal Ratio Combiner
or optimal beamformer, and it is used in beamforming
in the transmitter of a MISO system when CSI is
known. Notice that a NFF problem is quite similar
to a MISO system where the only receiver is set at
the focal point. Given a focal point, the noise power
there is also set, so maximizing the SNR is equivalent
to maximizing the signal power in the receiver. The
open question here is how to determine the channel
coefficients to be considered.

In some sense, if a free-space scenario is considered,
the expression for the radiated field distribution in (1)
may be considered the factor relating the transmitted
and received signals when noise is not considered.
In the case of a MISO system, that relation is y =
h · x + n, where x = [x1, . . . , xN ]T is the vector of
transmitted signals in each antenna at a given instant.
Hence, we may identify that

hn =
e−j2π|~r−~r

′
n|/λ

|~r − ~r′n|
(8)

and therefore, by applying the optimal beamformer,
the weight to be applied to the n-th array element for
optimal signal transfer to the focal point is

wn =
h∗n
||h||

=
ej2π|~r−~r

′
n|/λ

|~r − ~r′n| · ||h||
(9)

The resulting weight have the same phase than
those obtained using the CP method, so it may be
assumed that the phase distribution of the weights is,
not surprisingly, optimal in the sense of maximum



power delivery to the focal point. But there are two
differences:
• There is a scale factor ||h|| that affects to every

weight, so it may be disregarded, as a propor-
tional set of weights represent a different trans-
mitted power.

• There is a change in the amplitude of each weight
according to a factor inversely proportional to
the distance between the array element and the
focal point. This fact represents a tapering in the
amplitude of the weights, not accounted for in the
CP method.

C. Power Transfer Efficiency method.

In the case of the Power Transfer Efficiency (PTE)
method, a microwave design framwework is consid-
ered to optimize the ratio between the power delivered
to the receiver or focal point and the transmitted power.

If a receiving array is considered, with M elements
located at positions ~r′′m, the overall response of the
transmitting and receiving arrays is given by:

F =

M∑
m=1

N∑
n=1

ωnγm
e−jk|~r

′′
m−~r

′
n|

|~r′′m − ~r′n|
(10)

where the weights applied in the receiver γm have also
been included. Although the PTE method, as originally
formulated in [2] used a matrix model for the system
obtained through accurate electromagnetic modeling,
in this analysis we consider a case equivalent to the
previous methods where a simplified model of both
the transmitting and receiving systems is used. This
expression may be reformulated in matrix-vector form
as

F =ωT · ST · γ (11)

with ω = [ω1, ω2 . . . , ωN ]T , γ = [γ1, γ2, . . . , γM ]T ,
and S is a matrix with elements given by

Sm,n =
e−jk|

~r′′m− ~r′n|

| ~r′′m − ~r′n|
(12)

In the PTE method, using its own standard notation,
under the assumption of matched circuits, the relation
between input and output signals is reduced to

[br] = [Srt][ar] (13)

and hence, under the assumption of matched circuits,
the power transfer efficiency T may be rewritten as:

T =
||[br]||2

||[ar]||2
=

[at]
H [Srt]

H [Srt][at]

[at]H [at]
=

[at]
H [A][at]

[at]H [at]
(14)

where the superscript (.)H stands for the hermitian, i.e.
conjugate transpose. From (14) it is straightforward to
obtain

T [at] = [A][at] (15)

with [A] = [Srt]
H [Srt]. The structure of equation (15)

is a typical eigenvalue/eigenvector problem. A product
constant/vector is equal to a product matrix/vector,

meaning that [at] is an eigenvector of [A], associated
to T , which is an eigenvalue of [A]. The maximum
value of T , Tmax, hence corresponds to the maximum
eigenvalue and is associated to an eigenvector [at] of
[A] denoted [at]max.

Notice that [at] is the vector of values that input
the networks defined by [Srt]. If this matrix models
the arrays and the propagation, [at] corresponds to the
values that get to the elements of the transmitting array.
Such values are the weighted signals at each element.
Provided that there is only one signal that inputs the
array, before the weights a uniform value may be con-
sidered, and [at] may then be considered proportional
to the weights, or the weights themselves. According
to this fact, the maximum power transfer efficiency is
achieved when the signal at the ports of the transmitter
is multiplied by the weights ω = [at]max.

It may be observed that matrix S in equation (11)
may be viewed as a [Srt] matrix not accounting for
realistic effects as if it were obtained using a full-
wave simulator. According to it, both S and [Srt] play
an equivalent role in the formulation. Let us recall
equation (14):

T =
||[br]||2

||[ar]||2
=

[at]
H [Srt]

H [Srt][at]

[at]H [at]
· ||[br]||

2

||[br]||2

where multiplying both the numerator and the denom-
inator by the same term does not change the equation.
Then, usingω = [at], γ = [br]

∗ and ||[br]||2 = γTγ∗,
it follows:

T =
(ωHSHγ∗)(γHSω)

||ω||2||γ||2
= . . .

. . . =
(ωHSHγ)(ωHSHγ)∗

||ω||2||γ||2
=
|ωHSHγ|2

||ω||2||γ||2
(16)

In the case of NFF there is no receiving array with
weights, so γ may be disregarded. Then, the PTE T
becomes

T =
|ωHSH |2

||ω||2
=
ωHSHSω

||ω||2
(17)

According to the PTE method, the maximum value
of T (the efficiency) corresponds to the maximum
eigenvalue of the matrix SHS, and the corresponding
set of weights is the associated eigenvector. The matrix
SHS is the outer product of S with itself, so its
eigenvalue decomposition has some special properties
[9]: there is only one non-trivial eigenvalue of SHS, let
us name it as ξ = PTEmax, because rank(SHS) = 1.
This is due to the fact that all the columns in matrix
SHS are linearly dependent on each other. Therefore,
there is only one eigenvector corresponding to the
optimal excitation distribution.

But it is noteworthy that in this problem, S is
actually a vector. Let us denote this vector temporarily
as hT for the sake of simplicity on the formulation.
Then, let us define A = SHS = h∗hT . Then,

A · h∗ = h∗hTh∗ = h∗(hTh∗) (18)
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Fig. 3. Simulation #1. Resulting field distributions in y = 0. a) Conjugate-Phase method; b) PTE and MRC methods. The green symbols
+ and ◦ represent the assigned focal point (or device location) and the synthesized field maximum point, respectively.

where the term in the parenthesis is a scalar. This
equation can be rewritten as

A · h∗ = (hTh∗)h∗ = ξh∗ (19)

So h∗ = SH is an eigenvector of SHS, and its
associated eigenvale is ξ = SSH. There might be a
complex scale factor that does not affect the eigen-
vector (it is still an eigenvector). Hence, the optimal
weights are given by

wn =
ej2π|~r−~r

′
n|/λ

|~r − ~r′n|
(20)

which is the same solution obtained with the MIMO
approach but the scale factor.

III. SIMULATED EXAMPLE

An example using an array of 16×16 isotropic
elements, separated 0.63λ has been evaluated. It has
been set in the x-axis, with the broadside in the z-
axis. A focal point has been assigned at (0, 0, 19λ),
and the three methods have been used to obtain the
results plotted in fig. 3. Notice that the PTE and MRC
methods lead to the same set of weights, so they
have been merged in the same plot. The resulting
PTE for the CP, MRC and PTE-method approaches
are, respectively, 0.677, 0.678 and 0.678. Obviously,
the MRC and PTE methods lead to the exact same
solution, while the CP method is slightly sub-optimal
due to the absence of the amplitude correction in the
weights.

It is noteworthy that the difference between the CP
method and the optimal MRC and PTE is given by
an amplitude factor in the weights which is equal to
the distance between each element of the array and
the focal point. When the distance between the array
and the focal point increases, towards the Far-Field
region, such amplitude facto tends to be the same for
all the array elements, so the CP method tends to the
optimal solution. Fig. 4 shows the evolution of the
normalized PTE with respect to the distance for the

different methods, and it may be observed how all of
them converge to the same efficiency as the distance
increases.

IV. CONCLUSION

The analysis presented along this communication
shows the equivalence between the PTE and MRC
methods, under the conditions pointed out in this work,
while the CP method is slightly different. However,
the three methods result in the same phase distribution
to be applied to the weights of the array. This anal-
ysis also allows considering some concepts related to
Wireless Power Transfer under not-so-ideal conditions,
specially in the array model, that will be discussed in
the conference.

Simulation results will be shown at the conference
by considering simulations of not-so-ideal scenarios,
arrays at both TX and RX sides, and the presence of
obstacles too.
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[8] R. González Ayestarán, G. León, M. R. Pino, and P. Nepa,
“Wireless power transfer through simultaneous near-field fo-
cusing and far-field synthesis,” IEEE Transactions on Antennas
and Propagation, vol. 67, no. 8, pp. 5623–5633, Aug 2019.

[9] G. H. Golub and C. F. van Loan, Matrix Computations, 4th ed.
JHU Press, 2013.


