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Abstract—We propose an end-to-end DC-to-DC efficiency
maximization framework for array antenna RF-based wireless
power transfer (WPT) that jointly accounts for transmit power
amplifier (PA) and receive rectifier nonlinearities. While prior
studies have mainly addressed PA and rectifier nonlinearities
through waveform design, this work focuses on optimizing the
practical CW excitation vector under measured device operating
constraints, offering a practical framework for RF engineers
to design WPT systems and determine the optimal transmit
excitation for maximum end-to-end DC power delivery. Using
measurement-based piecewise-linear (PWL) models for both PA
and rectifier characteristics, we maximize the sum of rectified
DC power at the receiver array under a transmit-side DC power
budget. By applying semidefinite lifting, the resulting problem
admits an efficient semidefinite relaxation (SDR) that provides
a tight upper bound and a high-quality feasible solution via
rank-one recovery and local refinement. Simulation results show
that the proposed method outperforms conventional RF-to-RF
efficiency by achieving 38.3% higher received DC power, with
a relaxation-to-feasible gap of 1.69%. Experimental validation
confirms the accuracy of the proposed framework with less than
8% error.

Index Terms—DC-to-DC Efficiency, Microwave Power Trans-
mission (WPT), Power Transfer Efficiency (PTE), Transmission-
Conversion Efficiency (TCE), Wireless Power Transfer (WPT).

I. INTRODUCTION

IRELESS power transfer (WPT) technology has been
Wrapidly growing along with the explosive growth of
electronic devices. Inductive WPT has already been success-
fully commercialized in mobile devices under the Qi standard
[1]. Resonant WPT is also being commercialized through
implementation in electric vehicles (EVs) [2]. RF-based WPT,
which was the ultimate goal of Nikola Tesla, can transmit
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power wirelessly over the longest distances among the three
methods [3].

However, compared with inductive and resonant WPT, RF-
based WPT (hereafter referred to simply as WPT) suffers from
low efficiency. Long transmission distances fundamentally
reduce propagation efficiency in free space, and the power
amplifier (PA) and rectifier introduce additional losses in the
circuit domain. This remains one of the major bottlenecks for
WPT commercialization.

Numerous studies have investigated WPT efficiency in the
RF domain. RF-to-RF efficiency, commonly referred to as
power transfer efficiency (PTE), has been optimized through
various methodologies [4], [5], [6], [7], [8], [9], [10], [11].
PTE has served as a major figure of merit (FoM) for character-
izing WPT system performance. However, PTE alone cannot
fully capture the behavior of the entire WPT system, as it
neglects the DC-domain introduced by the PA and rectifier.

To address this limitation, several studies have explored
combining PTE with rectifier power conversion efficiency
(PCE) through joint optimization of beamforming and rec-
tification. Wan et al. first introduced the term “transmission-
conversion efficiency (TCE),” defined as the product of PTE
and PCE [12]. Subsequently, Shen ef al. [13] and Ma et al. [14]
investigated TCE optimization via beamforming control for the
linear and saturation regions of the rectifier, respectively. How-
ever, these approaches rely on idealized mathematical models
that may not fully capture practical rectifier behavior, and more
importantly, they still do not account for PA nonlinearities.

Since practical WPT systems consume DC power at the
transmitter and deliver DC power to the load at the receiver,



DC-to-DC efficiency represents the most comprehensive end-
to-end FoM for WPT systems. Recent studies have addressed
end-to-end efficiency through joint waveform design that ac-
counts for PA and energy harvester nonlinearities [15], [16].
However, these approaches focus on multi-tone waveform
optimization and assume behavioral rectifier models limited
to the linear operating region, without directly providing
the array excitation pattern for practical deployment. This
paper instead proposes a CW-based DC-to-DC maximization
framework with measurement-based PA and rectifier mod-
els across their full operating ranges. Compared to multi-
tone waveform approaches, the CW-based formulation with
measured device characteristics offers a more practical and
accurate representation of RF hardware behavior, and provides
the optimal transmit excitation vector for maximum received
DC power. The resulting DC-to-DC efficiency is compared
with conventional PTE optimization approaches. Section II
describes the system model. Section III details the proposed
optimization framework. Section IV presents simulation and
measurement results, and Section V concludes the paper.

II. SYSTEM ARCHITECTURE

This section describes the WPT system architecture con-
sidered in this work. Fig. 1 illustrates the system configura-
tion. The transmitter array (TXA) consists of M elements,
each with individually controllable magnitude and phase. The
receiver array (RXA) includes N rectifiers and a combining
circuit, where ideal DC power combining is assumed.'

The first stage represents the PA, where the DC-to-RF
conversion efficiency is considered. The relationship between
the consumed DC power and the output RF power is charac-
terized through measurement. The second stage represents the
wireless channel, where the electromagnetic wave propagates
through free space. The third stage represents the rectifier,
which converts the received RF power to DC with a certain
conversion efficiency. The DC outputs from all rectifiers are
ideally summed. Based on the figure, our objective is to
optimize npc—pc, which can be expressed as:

NDC—DC = NDC—RF X )RF—RF X NRF—DC (D

III. PROPOSED OPTIMIZATION FRAMEWORK
A. RF-to-RF Efficiency Optimization
Consider the MIMO WPT system shown in Fig. 1. Let G €
CN*M denote the channel matrix between the TXA and RXA,

and let x, € CM*1 denote the transmit excitation vector. The
PTE optimization problem can be formulated as follows [17]:

max Qrr = tr(GSGH) /7

()
t(8)/Z = PFT

subject to S>0

where S = E[x;x/?] is the transmit covariance matrix, Z is
the characteristic impedance, and PtRF is the total transmit

IRealistic, non-ideal DC combining modeling and formulation of multiple
rectifiers is beyond the scope of this work.
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Fig. 1. Block diagram of the MIMO WPT system with three efficiency stages:
PA Mpc—RrF), channel (nrr—_ rF), and rectifier MrrF—_pc)-

RF power constraint. By introducing S, the objective function
becomes linear in the optimization variable, enabling efficient
convex optimization.” Since g represents the total received
RF power across the N receivers, maximizing Qrpr under
a fixed transmit power P/*Y is equivalent to maximizing
the PTE. This convex problem guarantees a globally optimal
solution S*. The optimal transmit vector x; can then be
obtained via eigenvalue decomposition of S*.

B. DC-to-DC Efficiency Optimization via SDR

Building upon the RF-to-RF optimization formulation, we
now incorporate the PA and rectifier nonlinearities. Let
prX,m (S) = Smm/Z denote the transmit RF power at the m-
th antenna, and let prx ;(S) = tr(C;S)/Z denote the received
RF power at the i-th rectifier, where C; = GPE;G and
E; € RV*N ig a selection matrix for the i-th receiver.

The PA and rectifier characteristics are modeled using
measurement-based PWL functions. The rectifier DC out-
put is represented by a concave PWL function f(p) =
mingex(axp + bi), while the PA DC consumption is repre-
sented by a convex PWL function h(p) = maxe s (aep+ o).
We assume that all PAs and rectifiers have identical charac-
teristics and operating ranges.

By introducing auxiliary variables ¢; (DC output of the i-th
rectifier) and u,,, (DC consumption of the m-th PA), the DC-
to-DC optimization problem can be formulated as follows:

N
Dt
i=1

max
S,t,u
M
subject to E Uy, < PtD ¢
m=1

S =0 (3
t; < ag pRX,i(S) + bk, Vi, Vk e K

Pgl;(r,li < prx,i(S) < pry, Vi

Um, Z (07} pTX,m(S) + B@v Vm, Vle L

p'rl‘n)é?m < pTX,m(S) < p'III‘l)?f:n’ vm

2As a trade-off, the solution S* may have rank greater than one; this issue
is addressed in Section III-C.



Algorithm 1 Rank-One Recovery and Local Refinement

Require: SDP solution S*, eigenvectors to combine K
Ensure: Feasible transmit vector x;

: Step 1: Eigenvector Extraction & Scaling

: Compute EVD: 8™ = 3", AivivE

. Extract Xeva = VA1V1

Find ~ via bisection for feasibility

! Xscaled < 7Y * Xevd/HXevd”

Step 2: Eigenvector Combination Search

: for each (c1,c2,...,cx) in grid do

X — Zfil CiVi

Scale x to feasibility, evaluate objective

: end for

: Save top candidates {x")}

: Step 3: Multi-Start Local Refinement

: for each starting point x9) do

repeat

Update via gradient ascent or random perturbation
Scale to feasibility, accept if objective improves
until convergence

: end for

: return Xy = argmaxx y_, f(prx,:(x))

e e
QRS20

—_

The objective maximizes the total rectified DC power at the
RXA, subject to a transmit-side DC power budget P”¢. Note
that unlike the RF-to-RF formulation where the transmit RF
power is fixed at P/*f" (equality constraint), the DC-to-DC
formulation constrains the total DC consumption to be at most
PP (inequality constraint), providing additional flexibility in
the optimization.> The rectifier behavior is captured by the
hypograph constraints on ¢;, with valid input power ranges
enforced for each rectifier. Similarly, the PA DC consumption
is modeled via epigraph constraints on u,,, with operating
range limits for each PA. Since all constraints are linear in S,
t, and u, this formulation is a semidefinite program (SDP) that
can be efficiently solved using standard convex optimization
tools. The optimal solution S* provides a global optimized
result for DC-to-DC efficiency.

C. Rank-One Recovery and Local Refinement

Although the SDP in (3) is convex and can be solved
globally, the optimal solution S* may have rank greater than
one due to the relaxation. In such cases, a feasible transmit
vector x; must be extracted from S*. We propose a three-step
procedure to obtain a high-quality rank-one solution.

Step 1: Eigenvector Extraction and Feasibility Scaling. Per-
form eigenvalue decomposition on S* = Y. \;v; v, where
A1 > A2 > ---. The dominant eigenvector Xeyq = VAivy
is extracted as an initial candidate.* Since X.q may violate
the PA or rectifier constraints, we apply uniform scaling
X = 7YXeyd/||Xeva|| and find the optimal ~ via bisection to
maximize the objective while satisfying all constraints.

Step 2: Eigenvector Combination Search. When S* has
multiple significant eigenvalues, combining all eigenvectors

3This relaxation is necessary due to the tight operating ranges.
“In rank-one S* cases such as RF-to-RF efficiency optimization, this
dominant eigenvector simply becomes x; which is also unique.
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Fig. 2. Measured data and PWL fitting: (a) PA DC consumption versus RF
output power and (b) rectifier DC output power versus RF input power.

yields better solutions than using v; alone. We form candidate
solutions as x = Zfil ¢;v; with complex coefficients c;, and
perform a grid search over the magnitude and phase of each
coefficient. The top candidates are retained and saved.

Step 3: Multi-Start Local Refinement. Starting from the best
candidates obtained in Step 2, we apply local refinement using
a combination of numerical gradient ascent and random pertur-
bation. Multiple starting points are used to avoid convergence
to poor local optima. The solution with the highest objective
value across all runs is selected as the final vector x;.

This procedure bridges the gap between the SDP upper
bound (efficiency provided by S*, which is not directly usable
in a real transmitter) and a feasible rank-one solution xj (the
actual transmit excitation vector) for practical implementation.
The whole process is well organized in Algorithm 1.

IV. RESULTS

A. Simulation Setup

The simulation considers a MIMO WPT system with a
16 x 16 TXA and a 5 x 5 RXA operating at 5.64 GHz. The
TXA consists of 256 linearly polarized (LP) patch antenna el-
ements with 0.6 spacing. The channel matrix G is computed
assuming free-space propagation with active element patterns.
Since the optimization framework depends only on G, it
readily generalizes to arbitrary array sizes and TXA-RXA
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Fig. 3. Simulation and measurement scenarios. RF-to-RF versus DC-to-
DC optimization is compared at 0.5 m face-to-face. Simulation-measurement
validation is performed at 0.5 m (0°) and 0.7 m (30° offset).
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Fig. 4. Magnitude distribution of the four eigenmodes of S* over the 16 x 16
TXA. The SDP solution has rank 4, requiring the rank-one recovery procedure.
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configurations. All simulations are performed in MATLAB on
an AMD Ryzen 7 5800X processor.

The PA characteristics are obtained from measurements of
the Skyworks SE5004L-EK1 evaluation board (EVB), which
uses the same PA integrated circuit as the TXA prototype.
The DC consumption versus RF output power is measured
and fitted to a convex PWL function h(p). The rectifier is
a custom-designed half-wave rectifier using the HSMS-2860
Schottky diode with a 370 €2 load. The RF-to-DC conversion
characteristic is measured by sweeping the input RF power
using a signal generator and recording the output DC current,
which is then converted to DC power and fitted to a concave
PWL function f(p). Fig. 2 shows the fabricated devices and
their measured characteristics, respectively.

For simulation, a face-to-face scenario at 0.5 m distance
is considered to compare RF-to-RF and DC-to-DC optimiza-

TABLE I
POWER COMPARISON BETWEEN RF-RF AND DC-DC OPTIMIZATION

Parameter RF-RF Opt. DC-DC Opt.

TX DC consumption 989 W 1000 W

TX RF output (Ref.) 33.89 W 33.89 W

RX RF input 2651 W 24.05 W

RX DC output 632 W 8.74 W
TABLE II

EFFICIENCY COMPARISON BETWEEN RF-RF AND DC-DC OPTIMIZATION

Metric RF-RF Opt. DC-DC Opt.
RF-to-RF efficiency (nrr—RF) 78.22% 70.97%
DC-to-DC efficiency (n\pc—pc) 0.64% 0.87%

tion.> For measurement validation, both 0° and 30° angular
misalignment scenarios are tested, as illustrated in Fig. 3. The
transmit-side DC power budget is set to PP = 1000 W.°

B. Simulation Results

The SDP in (3) is solved for the face-to-face scenario
(0.5 m, 0°), and the resulting optimal solution S* has rank
4. The entire optimization process completes in under 15
minutes.” Fig. 4 shows the magnitude distribution of the four
eigenvectors vy through vy, over the 16 x 16 TXA. Each
eigenvector exhibits a distinct spatial pattern: modes 1 and
2 show vertically separated distributions, mode 3 concentrates
power at the array center, and mode 4 forms four separate
clusters near the corners. Since S* is not rank-one, the rank-
one recovery procedure described in Section III-C is applied
to obtain the final transmit vector x;.

Table I summarizes the power flow for both optimization
methods in the face-to-face scenario (0.5 m, 0°). To ensure a
fair comparison, the transmit RF power constraint for RF-to-
RF optimization is set equal to the TXA RF output obtained
from DC-to-DC optimization (33.89 W).®

The RF-to-RF optimization achieves higher received RF
power (26.51 W) compared to DC-to-DC optimization (24.05
W), as expected from its objective function. However, the
received DC power clearly shows the expected result: DC-to-
DC optimization yields 8.74 W, which is 38.3% higher than the
6.32 W achieved by RF-to-RF optimization. This improvement
is attributed to the joint consideration of PA and rectifier
nonlinearities in the proposed formulation. Table II compares
the efficiency metrics. While RF-to-RF optimization achieves a
higher RF-to-RF efficiency (78.22% vs. 70.97%), the proposed

SIdeally, comparing all three optimization approaches (RF-to-RF, RF-to-
DC, and DC-to-DC) would be more comprehensive. However, this is beyond
the scope of this paper; RF-to-RF serves as a reasonable baseline due to its
widespread use as a standard FoM.

6In the future extended paper, we will discuss the effects of varying PtD c.

"The proposed algorithm is intended for offline system design rather
than real-time control; hence, computation time is not critical. Furthermore,
MATLAB’s default CPU-based execution is not optimized for speed.

8This is necessary because DC-to-DC optimization is already constrained
by the DC power budget of 1000 W, not by the RF output power.
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DC-to-DC optimization achieves a 36.0% improvement in end-
to-end DC-to-DC efficiency (0.87% vs. 0.64%). The SDP
relaxation-to-feasible gap, defined as the difference between
the SDP upper bound (ideal optimal, calculated by S*) and the
final rank-one solution (true excitation vector, TXA excited
by x}), is only 1.69%, indicating that the proposed rank-one
recovery procedure effectively extracts a near-optimal solution.

Fig. 5 illustrates the power distribution at the TXA and
RXA for both optimization methods. The top row shows the
PA DC consumption, the middle row shows the TX RF output
power, and the bottom row shows the received DC power at the
RXA. In the RF-to-RF case (a), the optimizer concentrates RF
power at the center of the RXA, causing the center rectifiers
to exceed their optimal input range and resulting in reduced
DC output. Meanwhile, the outer rectifiers receive low power,
also yielding poor DC output. In contrast, the DC-to-DC case

9The absolute DC-to-DC efficiency is limited by the use of commercial
PAs and a simple half-wave rectifier; higher efficiency can be achieved with
optimized components. The focus of this work is the optimization framework
itself, which enables system-level DC-to-DC efficiency evaluation.

Control PC

Fig. 6. Hardware setup for DC-to-DC optimization validation.

TABLE III
COMPARISON OF SIMULATED AND MEASURED RECEIVED DC POWER

Scenario Simul. Meas. Error
0° (0.5 m) 874 W 82TW 54%
30° (0.7m) 7.60W 7.02W  7.6%

(b) more broadly distributes power to maximize the DC output
through the rectifier arrays, resulting in a more uniform and
higher overall DC power.

C. Measurement Results

To validate the proposed optimization framework, measure-
ments are conducted for two scenarios: 0.5 m face-to-face (0°)
and 0.7 m with 30° angular offset (as shown in Fig. 3). Fig. 6
shows the measurement setup [18], [19], [20], [21]. Since ideal
DC power combining is assumed in the formulation, each
rectifier’s DC output power is measured independently and
summed to obtain the total power.'?

Table III compares the simulated and measured received
DC power for the DC-to-DC optimized excitation vector. The
measured results show good agreement with the simulation,
with errors of 5.4% and 7.6% for the 0° and 30° scenarios, re-
spectively. These discrepancies can be attributed to fabrication
tolerances, channel estimation errors, and non-ideal rectifier
behavior. The results demonstrate that the proposed algorithm
can be accurately applied to practical WPT systems.

V. CONCLUSION AND FUTURE EXTENSIONS

This paper proposes an end-to-end DC-to-DC efficiency
maximization framework for WPT systems that incorporates
measured PA and rectifier characteristics across their full
operating ranges, offering a practical and accurate approach
for determining the optimal transmit excitation vector. Using
measurement-based PWL models, the optimization problem is
formulated as a semidefinite program, which provides a global
upper bound. A three-step rank-one recovery procedure is
developed to extract a feasible transmit excitation vector from
the high-rank SDP solution. Simulation results demonstrate

10practical DC combining circuit design is beyond the scope of this work.



that the proposed DC-to-DC optimization achieves 38.3%
higher received DC power compared to conventional RF-
to-RF optimization, with only a 1.69% relaxation-to-feasible
gap. Measurement validation shows good agreement with
simulations, with errors of 5.4% and 7.6% for the 0° and 30°
scenarios, respectively.

Future work will provide a comprehensive comparison
among RF-to-RF, RF-to-DC [22], and DC-to-DC optimization
approaches, along with extended analysis on various system
parameters.
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