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Abstract: Due to the rise of gigascale antenna arrays considered to implement long-range wireless power transfer
(WPT), there is a need for a scalable high-efficiency adaptive dynamic beam focusing method. Several methods
have been proposed ranging from methods requiring position information of the receiver, use of pilot signals
or channel sounding, and feedback-based approaches. The latter has the potential to achieve maximum WPT
efficiency due to use of feedback between the rectenna target and the transmitter array. In this paper, we present
an overview of the different feedback-based long-ranged WPT methods that have been proposed. We also
evaluate them in terms of convergence time, complexity of implementation, and steady-state efficiency through
a simulation. The results show that methods that measure channel state information (CSI) and the both-sides
retrodirective system can achieve high efficiency with less convergence time, but with added implementation

complexity.

Keywords: wireless power transfer; dynamic beam focusing; gigascale antenna arrays; microwave power transfer;

channel state information estimation; far-field; retrodirective arrays; time reversal

1. Introduction

Long-range wireless power transfer is expected to have an antenna array considered to be
"Gigascale Antenna Arrays" [1]. Each antenna element on this transmitter array is expected to cooperate
with each other to be able to accurately focus a power beam towards a rectenna array to achieve a high
efficiency wireless power transfer (WPT). It must also achieve a task in a time-changing environment,
thus, requiring the system to be controllable and adaptive. The act of changing the beam properties to
a target area is called dynamic beam focusing [2].

The different methods that have been developed for this purpose can be broadly categorized into
three types: 1) the conventional antenna array beam steering used in conjunction with position sensors
[3-5], 2) use of pilot signals to guide the generator antennas [6,7], or 3) feedback control using data
sent back by the receiver to the generator [2,5,8]. On all the approaches, there is generally a trade-off
observed between the WPTE performance and the convergence time needed to achieve their steady
state.

The first type requires position tracking of the receiver through image recognition, radar, or
satellite positioning. Once the position is determined, the system uses traditional beam steering
techniques [3,5]. The second type improves on the first by letting the receiver system send a pilot
signal to the generator and then it performs wavefront reconstruction [5]. An optimal method to
implement this is through the use of retrodirective antennas [7,9,10]. The time-reversal technique,
which can be viewed as a wideband implementation of retrodirectivity, is also proposed [11,12]. In
this, the channel’s impulse response as seen by the different transmitter elements is measured from the
receiver’s beacon. Each transmitter element produces a mirror of the measured response producing a
matched filter condition which focuses the power in the area of the corresponding receiver.

The third type of WPT beam focusing technique relies on a feedback mechanism which makes the
system adaptive. Due to the use of feedback, this type of dynamic beam focusing technique has the
potential of achieving maximum WPT efficiency predicted from the eigenvalue formulation regardless
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of channel configuration. Since this class of dynamic beam focusing techniques have the potential
to perform well in a time-varying channel, it is of interest to review different works that have been
developed classified under it. In this paper, we review and compare these methods in terms of their
convergence time, steady-state efficiency, and complexity of implementation.

2. Mathematical Framework to Analyze the Steady-State Efficiency of WPT

2.1. Notation

Scalar quantities are written in italics, column vectors in lower case bold, and matrices in uppercase
bold. For example, a and A are scalars, a is a column vector, and A is a matrix. The notation {a;}
indicates a column vector for a positive integer set defined by i and { A;;} is a matrix with a column
index i and a row index j, both positive integers. Since these are complex quantities, we then define |a]
and Za as the magnitude and phase of 4, respectively.

The transpose and Hermitian transpose operations of a are defined by a’ and a'!, respectively,
and these operations transform a column vector into a row vector and vice versa. The per-element
conjugation operation is denoted as a. The three operations outlined above can also be applied to
matrices. The conjugation operation can also be done on scalars.

We denote the superscript (k) as the discrete-time index. The value of some quantity 4, a, or
A at some time (k) is denoted by a(k), a(k), and A(k), respectively. We differentiate this with the
exponentiation notation a* where a is a base and k is an exponent. We denote R and C as the set of all
real numbers and complex numbers, respectively. Finally, we define u(t) as the unit Heaviside step
function.

2.2. Preliminary System Setup

For a system of N power generating antennas and M receiver antennas shown in Figure 1, let
vi € CM*1 be the voltage at the ports on the receiver array and v, € CN*! as those on the generator
array [13]. Conveniently, the total power at the receiver and the transmitter can be expressed by
vitlvy/Z and votlv, / 2, respectively, where Z; is the matched impedance assumed to be the same
for all ports. The relationship between the voltages can be defined by the S-parameters shown in
Figure 1 where v = vy¢ + vqp and vy = vy¢ + Vyp,. Subscript f indicates a forward wave, or a wave
going in, and b means backward wave, or a wave going out of the system and into the respective

Vip | _ (S11 Sz [ vis (1)
Vb S21 S22/ \ Vo

ports.

Rectenna Side
I
apIg I0}eIdUIN)

Figure 1. The WPT system represented as a network of antennas which can be characterized by network
parameters such as Z-, Y-, or S-parameters.
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In Figure 1, the diagonal submatrices, S11 and Sz, describe the wave reflected back to their
respective set of ports. Ideally, all their elements are zero. On the other hand, the non-diagonal
submatrices indicate the waves that is transmitted from one set of ports to another. For example, S1»
represents the power sent from v, to vq and this is where we want power to flow. The wireless channel
is assumed to be reciprocal implying that Sz = Sa17.

2.3. Maximum Theoretical WPT Efficiency

If there is an input at the power generators, the formula for the WPTE can be expressed as the
ratio of the power at the receiver from vy, = Sp»1 Ty to the input power at the generator from v,¢ and
this is expressed in Figure 2. This is called the Rayleigh coefficient which is widely used in different
works when maximizing the WPTE of antenna arrays [2,14]. The maxima of this is the maximum
eigenvalue of Sy; So 1. Let ¢ be the eigenvalues of the matrix expression. Since Sjq S»1! is Hermitian,
then ¢ € R for all eigenvalues. Then the maximum theoretical efficiency is governed by the largest
possible ¢ as expressed in Figure 3.

H S S T
=
Nmax = Max (eig{SZISZIT}) = Crmax 3)

2.4. WPT Efficiency of Any Transmitter Input Configuration

An arbitrary input to the generator array can be expressed as a weighted sum of the set of the
normalized eigenvectors of S,1S21 7. This is shown in Figure 4 where v;; € C and a; is an eigenvector
foralli € {1,2,..., M}. This assumes that 5515217 is a full rank matrix.

M
Vo = ) U2 4)
i=1
Now, the efficiency of any arbitrary input can be expressed in terms of the weights, v,;, and
eigenvalues, §;, as shown in Figure 5. This also shows that each ¢; is the WPTE of the corresponding
beam mode, a;, and the efficiency is a weighted average of the individual efficiencies of each beam
mode.
¥ 2
LG |vai
j— =
X |02
i=1
A scalar multiple of the eigenvector associated with §4x, denoted by a4y, is the optimum setting
for the input. In the case that multiple eigenvectors are associated with ;x, then the optimum input
can be a linear combination of the eigenvectors. The power can be controlled by the magnitude of the

weights. To achieve high efficiency WPT, a system must be designed such that the maximum WPTE
condition, Vo¢ = caygy, is maintained as the channel changes over time.

3. Overview of Feedback-Based Dynamic Beam Focusing Techniques

3.1. Iterative Optimization Techniques

Feedback can be in the form of telemetry data sent from the receiver to the transmitter in conjunc-
tion with optimization techniques maximizing the received power computed using 6 [2,5].

Pry = V2¢1S211 801 va¢ (6)
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Common optimization techniques can be used like gradient descent, Nelder-Mead method,
random walk, or genetic algorithm. One work proposed to use orthogonal phase masks with phase
sweeping [2]. In this method, each phase mask divides the transmitter antennas into two groups
labelled "+1" and "-1" and phase sweeping is performed with the former increasing in phase and
the latter decreasing in phase. The phase setting with the maximum power will be stored and a
weighted sum of all of the maximum phases of each phase mask is computed at the end. Since the set
of phase masks are orthogonal to each other, the optimal phase setting of each mask is independent
to another. The result is an optimal phase setting for each antenna element in the transmit array. A
secondary volumetric refocusing can be done afterward for changing channel conditions provided
that the position is known.

Another proposed method is to optimize the antenna setting of each element one by one called the
directional radiation by iterative optimization (DRIS) [5]. In this algorithm, an initial transmit antenna
is set as to a reference phase. The next antenna’s transmit power and phase is optimized through an
optimization algorithm maximizing the power received at the receiver. Once optimization is complete,
the antenna settings are kept and the algorithm moves on towards the next transmit antenna element.
Any optimization algorithm can be used for this purpose.

Beam scanning is also considered as a possible method to first detect the position of the target
receiver and optimization is a secondary step like the directional radiation through area scanning
(DRAS) [5] and look-up table based method [15], but these methods require additional hardware and
processing.

To reduce the need for complex processing, a simple random walk optimization can be performed
[16]. In this, a random initial transmission vector vy is set and a set of K random perturbations are
computed. New weight vectors are computed from perturbations and the power of each of these are
measured. The maximum setting is chosen and the algorithm will repeat itself until convergence is
achieved. Although simple, achieving high WPT efficiency in this method is a hit or miss in terms of
the perturbation setting, number of needed perturbations, and convergence criterion. Moreover, this
method takes a longer time to converge which will be an issue for dynamic conditions.

Over-all, iterative methods provide a simple feedback mechanism through just establishing a
communication channel between the transmitter and receiver, but the receiver will need to report the
received power for every trial setting done by the transmitter. One big disadvantage of these methods
is the possibility of converging to a local maxima.

3.2. Techniques That Use Channel Estimation

In the mathematical model of the WPT system, studying equations 3 and 5, the optimal transmitter
setting to achieve maximum power transfer is an eigenvector of the matrix expression 821H S»1, where
S»1 can be interpreted as the channel state information (CSI) that has been thoroughly studied in
wireless communication systems [17]. If it is known, then the optimal eigenvector can be determined
through numerical means [18,19].

An outstanding problem in this approach is the measurement capabilities of the receiver. CSI can
be estimated better if the receiver is able to measure both amplitude and phase of the incoming signal
from the transmitters, but this requires more complex hardware on the receiver side. A proposed
workaround uses the power measured by the receiver and transmitted as telemetry data in the same
way as iterative methods [8,20]. In these works, for a WPT system with N transmitters, if sz(k)
the k" pilot signal fork =1, .., K, K > NZ a process of "complex vectorization" is performed on the
covariance matrix, Cy, of sz(k) defined in Equation 7.

is

H
Cr = v [sz (k)} (7)

Let the complex vectorization [8] of the k™ pilot signal covariance matrix be expressed as c;. While
Cy is complex, the complex vectorization operation makes c; purely real. For each pilot signal sent,
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H
the power is measured as P, = [sz(k)} Sy Slezf(k). Let the collection of K power measurements

is expressed as p = {p} and the set of pilot signals be expressed as H = {¢[ }. Once all of these are
gathered, a complex vectorized estimate of the CSI matrix, S51S51, can be estimated through different
estimation methods.

Two proposed estimation methods are the least squares estimate (LSE) and the Kalman filter (KF)
estimate. Using the LSE method, Equation 8 is used. Of the two methods, the latter takes into account
historical measurement data, while the former considers only the new set of measurements.

G = (HTH) “'HTp ®)

Another proposed channel estimation method that directly uses the model proposed in figure 1
in conjunction with Equation 1 [21]. Noting that the S parameters can be expressed as S;; = |Sij |e_j¢if ,
then |Si]-} can be estimated as the square root of the power received from one transmitter to one receiver
while ¢;; can be estimated from the relative distances between the transmitter elements. This method,
while simpler, has a worse performance compared to using the complex vectorization method because
the estimation method being rooted in the far-field assumptions, which is not applicable to most WPT
applications.

In general, more pilot signals can yield greater accuracy in estimation. However, this will
increase the time required for the transmitter to compute the estimate. This is a huge disadvantage of
channel estimation methods for WPT applications, but its merit can be found in simultaneous wireless
information and power transfer (SWIPT) applications.

3.3. Both-Sides Retrodirective Beamforming System

In the second class of dynamic beam focusing techniques, a pilot signal is used in conjunction
with retrodirective arrays or time-reversal arrays to detect the direction of the incoming beam at the
transmitter. By enabling this on both the transmitter and receiver, a form of feedback loop is created in
which the pilot signal and the power beam reply are both constantly refined producing an optimum
beam. This is called the both-sides retrodirective system [22]. This setup adaptively regenerates the
pilot signal to changing channel conditions.

In a previous study done by the author [23], it was revealed that for an initial transmitter
configuration expressed in Equation 9, the zero-input response of this system can be determined
as shown in Equation 10. Here, vé?) are the initial weights of the eigenvectors a; defined previously
from Equation 4, G is the loop gain of the system, ¢; are the eigenvalues, and v,¢(*) is the transmit
signal after k iterations.

M
vy¥ = Zvé?)ai )
i=1
M
vl — Gk ; golVa;. (10)

Imposing a marginal stability condition on this system leaves an optimum beam, but achieving
this is still an active area of inquiry. Due to the simplicity of the retrodirective system, this method
can be scalable compared to the channel estimation approach and the iterative optimization approach.
However, maintaining marginal stability is required, else risking the saturation power amplifiers when
the system becomes unstable, or the signal dying down when the system becomes stable.

3.4. Summary

Over-all, there is a trade-off between complexity, convergence time, and efficiency of the feedback-
based beam-focusing methods. Each method has their own advantages and disadvantages with
iterative methods being the least efficient and slowest to converge, but simplest in implementation.
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Techniques that require channel estimation are the most complex in terms of implementation, but
offers faster convergence time and more efficiency as long as estimation error is low. Additionally, they
are compatible with future SWIPT systems. Finally, the both-sides retrodirective system balances all
these requirements and is also scalable.

4. Simulation and Comparison Methodology

The three different types of feedback-based methods are compared in terms of convergence time
and steady-state efficiency. Three (3) different simulation environments detailed in a subsection below
will be used as the testbeds for comparison. The S-parameters computed from each is used in MATLAB
for further simulation of the different types of dynamic beam focusing method.

4.1. Comparison Metrics

4.1.1. Convergence Time

Since the different methods require feedback between transmitter and receiver, each iteration
requires a one (1) roundtrip. Thus, the number of iterations for a technique before reaching their
respective convergence condition is synonymous to the convergence time of the system. A key
assumption for this metric is that all computations done by the transmitter (e.g. channel estimation,
conjugation, optimization, etc.) happens in an instant.

4.1.2. Steady-State Efficiency

The steady-state efficiency is the efficiency computed using Equation 2 after the respective
system’s convergence conditions are satisfied. These were also compared to the maximum theoretical
efficiency determined using 3.

4.2. Simulation Environments

The simulation environments are all modelled in Ansys HFSS as shown in Figure 2. A 23.7 mm X
23.7 mm square patch antenna was used as an element for all transmitter arrays. The dielectric used is
the Arlon TC600 with a relative permittivity of €, = 6.15 and thickness of 2.54 mm. For a 2 x 2 array,
the total dimensions are 125 mm x 125 mm while for the 4 X 4 arrays, it is 250 mm x 250 mm. All
simulations were computed at 2.4 GHz center frequency.

™1 ™3

J\sz /~\J3§ceiver Array Obstructions

U
1 <
<
S

Receiver
dipoles

Obstruction

Transmitter Arra)

i 1

o2 ° Y X

< | ol o
Figure 2. The different simulation environments used for comparison: (a) A 2 x 2 transmitter array
sending power to two (2) 2 x 2 receiver arrays obstructed by a perfectly conducting plate, (b) A 4 x 4
transmitter array sending power to a 4 x 4 receiver array, and (c) Three (3) distributed 2 x 2 transmitter

arrays cooperatively sending power to four (4) different dipole antennas.
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4.3. Simulation Setup

4.3.1. Iterative Optimization Techniques

The orthogonal phase mask approach [2], DRIS [5] using Nelder-Mead, and random walk ap-
proach [16] are used in the comparison. For the first, the recommended orthogonal phase mask
generated from the Hadamard matrix is used. For DRIS, the Nelder-Mead method [24] with a conver-
gence condition of 0.01, reflection coefficient « = 1, reflection coefficient v = 4, contraction coefficienct
p = 0.5, and shrinkage coefficient ¢ = 0.5 is used. Lastly, the convergence condition for the random
walk issettoe =1 x 1074,

4.3.2. Techniques That Use Channel Estimation

The LSE-based approach [8] is used for comparison. The recommended pilot signal is used for
the simulation in that for N transmitter antennas, N pilot signals composed of one (1) transmitting
elements and N2 — N pilot signals composed of a combination of two (2) transmitting elements were
used for their linear independence property. This amounts to a total of N? pilot signals which is the
minimum amount needed to make an estimate for the CSI.

4.3.3. Both-Sides Retrodirective Beamforming System

For this setup, the transmitter and receiver signal both conjugates the vectors that respectively
arrive to them. If v,¢(*¥) is the power beam vectors at the time index k, then Equation 11 is used to
determine their values for the next iteration.

(k+1)

Vof = 521S12vp ) (1)

0) _

The initial condition is set to v,,” = 1 for all i, i.e., all eigenvectors of the transmission channel are

initially energized.

5. Results and Discussion

Figure 3 show the progression of efficiency measured at each iteration of the different methods
compared. The both-sides retrodirective system and the CSI using LSE consistently achieve the
maximum theoretical efficiency while the iterative-based methods do not. This is due to the presence of
local maxima when performing optimization. Thus, using iterative methods for WPT applications will
have a tendency to converge into these sub-optimal conditions, especially for a dynamic environment
or a setup with the presence of many scatterers.

=

-~

N

=

Efficiency (%)
e

Efficiency (%)

| [

5 |= =Theoretical Max ——Random Walk 4 %’— = Theoretical Max ——Random Walk [l

Orthogonal Phase Mask CSl using LSE Orthogonal Phase Mask CSl using LSE
DRIS - Nelder-Mead Both-sides Retrodirective

= =Theoretical Max —— Random Walk
Orthogonal Phase Mask CSl using LSE
DRIS - Nelder-Mead Both-sides Retrodirective
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DRIS - Nelder-Mead Both-sides Retrodirective
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o

Figure 3. Simulation results for: (a) A 2 x 2 transmitter array sending power to two (2) 2 x 2 receiver
arrays obstructed by a perfectly conducting plate, (b) A 4 x 4 transmitter array sending power to a
4 x 4 receiver array, and (c) Three (3) distributed 2 x 2 transmitter arrays cooperatively sending power
to four (4) different dipole antennas.

Table 1 lists the total number of iterations needed by each method to finish their processing or
achieve their respective convergence conditions. The results show that each of these feedback-based
methods can get close to the maximum efficiency allowed by the channel conditions. The iterative
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feedback methods require a long convergence time to achieve a high performance with the random
walk method needing the most amount of iterations. This can be attributed to the nature and simplicity
of its implementation. In contract, the CSI estimation using LSE and both-sides retrodirective system
boasts the least convergence time needed to achieve the maximum possible WPT efficiency, but their
implementation is more complex compared to the iterative methods.

Table 1. Number of iterations to converge and steady-state efficiency of each method.

Case 1 Case 2 Case 3
Method Hoax = 1917%  fpax = 32.99% oz = 6.35%
Orthogonal Phase Mask [2] 68 iterations 272 iterations 204 iterations
n =19.17% 7 =29.14% 7N =227%
DRIS - Nelder-Mead [5] 116 iterations 1214 iterations 606 iterations
1 = 19.07% 7 = 31.97% 7 =6.01%
Random Walk [16] 3330 iterations 6710 iterations 1260 iterations
n=19.17% 7 =29.29% 7 =5.81%
CSI estimation using LSE [8] 17 iterations 257 iterations 145 iterations
7 =19.17% 7 = 32.98% 7 = 6.34%
Both-Sides Retrodirective 5 iterations 87 iterations 5 iterations
System [22] 17 =19.17% 7 = 32.99% 7 = 6.35%

6. Conclusions

In this paper, we discussed the different types of dynamic beam focusing techniques broadly
classifying them into three. The feedback-based approaches are also presented in more detail with
their potential to adapt to dynamic environments and maintain maximum WPT efficiency the system
offers. Comparison between the different proposed implementations through simulation for selected
works were also presented. The convergence time and steady-state efficiency of each method were
measured. Among them, CSI estimation methods and the both-sides retrodirective method consistently
achieves maximum WPTE with a faster convergence time, but these added benefits come at the cost of
a complex implementation, especially on the former. The simpler to implement iterative methods were
shown to have a tendency to converge to sub-optimal conditions located in a local maxima for the
different cases. These results confirms the hypothesis of a trade-off between complexity, convergence
time, and steady-state efficiency among the different proposed implementations.

To expand on this work, a simulation of a dynamic channel condition is recommended to un-
derstand the performance of the different methods. Evaluating their robustness against noise or
interference is also a good direction for future works.
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