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Abstract—This paper presents a DC power optimization
methodology for MIMO Wireless Power Transfer (WPT) systems
especially for Integrated Sensing and Communications (ISAC)
applications. Given a rectifier that has already been optimized
itself, the Transmission—Conversion Efficiency (TCE) is optimized
by jointly considering both RF-RF (air propagation) and
RF-DC (rectifier) stages. In a specific MIMO WPT configuration
with a 16x16 transmitter array (TXA) and an 8x8 receiver
array (RXA), simulation result showed a significant 65.6%
TCE improvement over conventional RF-to-RF Power Transfer
Efficiency (PTE) optimization. It can offer a boundary for future
real-time WPT algorithms.

Index Terms—Global Optimization, Power Transfer Efficiency
(PTE), Transmission-Conversion Efficiency (TCE), Wireless
Power Transfer (WPT).

I. INTRODUCTION

NTEGRATED Sensing and Communications (ISAC) is

emerging as a key technology for sixth-generation (6G)
wireless networks, ranging from small sensors and IoT devices
to vehicles, and beyond. ISAC integrates communication and
sensing capabilities, enabling applications such as wireless
brain-computer interfaces (BCI), accurate indoor localization,
extended reality (XR), energy harvesting, and beyond [1], [2],
[3], [4]. Notably, MIMO Wireless Power Transfer Technology
using Radio Frequency (WPT) has emerged as one of the
critical technology for ISAC applications, enabling power
delivery through air over long distances by sensing and
focusing the target [5], [6], [7]. By controlling electromagnetic
(EM) waves, WPT allows efficient power transmission in
various applications.

One of the key parameters for evaluating a WPT system is
the RF-to-RF efficiency, commonly referred to as the Power
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Transfer Efficiency (PTE), which is defined as the ratio of
received RF power to transmitted RF power [8]. Fig. 1 well
shows the conventional WPT system configuration, where 7,
indicates the PTE. Recent research has focused on developing
various techniques to enhance PTE [8], [9], [10], [11], [12].

However, near-field electromagnetic effects are becoming
increasingly significant in ISAC. The use of large-scale
antenna arrays, known as (Massive) MIMO, is expected to play
a crucial role. As ISAC systems operate at higher frequencies,
the combination of Massive MIMO and high operational
frequencies will intensify near-field (NF) electromagnetic
effects. In These NF environments, a non-uniform power
distribution is observed across the receiver array elements.
Consequently, simply optimizing the RF power can lead to
a substantial drop in actual DC output, due to the rectifier
behavior. Therefore, it is essential to expand the focus to
optimize the received DC power, which inherently involves
the rectifier stage 7.t to the air propagation stage 7q..
Research such as [13], [14], [15] share the basic concept,
but these approaches have limitations in more practical WPT
systems, such as diverse array configurations, arbitrary located
receivers, and various rectifier designs.

Especially, mathematical modeling of the rectifier behavior
is a complicated work, considering its integration with 7,
stage models. Modeling the rectifier behavior in various ways
were proposed [15], [16], [17], [18], [19], however, existing
formulations are often both complex and inaccurate compared
to measured data, making the optimization problem more
difficult and less reliable. Therefore, a more accurate yet
simpler rectifier modeling approach is required—one that
closely matches measured data. To address this need, we
propose a measured data-based fitting method.

In summary, this letter proposes the maximization of the
received DC power while constraining the total transmitted RF
power, which is equivalent to optimizing the Transmission-
Conversion Efficiency (TCE), nrcg, as well-defined in [13].
Proposed scenario focuses on an optimized rectifier for fixed
load resistance in MIMO WPT, though the methodology
is applicable to diverse scenarios regardless of specific
applications. A simpler yet more accurate rectifier fitting
method is employed to represent rectifier behavior, avoiding
complex mathematical formulations. Section II introduces the
main methodology, Section II presents the simulated and
measured results, and Section IV concludes the letter.

Authorized licensed use limited to: Seoul National University. Downloaded on June 25,2025 at 03:29:53 UTC from |IEEE Xplore. Restrictions apply.
© 2025 IEEE. All rights reserved, including rights for text and data mining and training of artificial intelligence and similar technologies. Personal use is permitted,

but republication/redistribution requires IEEE permission. See https://www.ieee.org/publications/rights/index.html for more information.



This article has been accepted for publication in IEEE Antennas and Wireless Propagation Letters. This is the author's version which has not been fully edited and
content may change prior to final publication. Citation information: DOI 10.1109/LAWP.2025.3578089

IEEE ANTENNAS AND WIRELESS PROPAGATION LETTERS, VOL. XX, NO. X, XXXX 2025 2
L TXA
RF power divider Antennas DC block
I g B AW 100 £
Schottky Diode [ - —
2o BT IRXA DC combline Hereery e e |
RF Source 3 ! ' .\.h
@ I | H T Y
Ppxa 1 1 L]
i ! X
| Rectifying ] .\-
1 1 \
L—— : Network i .‘-.h
H ) 5 10 15 20 25 30

1
|«——IRF-RF ——>1<— TIrRF-DC —
1

: = Nair = Nrect H
A : Q D l«——  Trr-pc =Mrce ——»!

v

Fig. 1. Conventional MIMO WPT system configuration and its efficiencies.

II. OPTIMIZATION PROCEDURE

Fig. 1 illustrates a conventional WPT architecture, in which
each transmit element (TE) within the transmitter array (TXA)
is individually controlled in terms of magnitude and phase. The
received signals at the receiver array (RXA) are rectified and
combined, ultimately yielding the desired DC output power!.
The WPT system assumed in this letter considers a practical
scenario with the following simplifications:

o All rectifiers are individually optimized and identical.

o DC power is combined ideally (all power outputs are

combined without any losses).

A. RF-RF Optimization

Consider a MIMO WPT system with M transmit antennas
and N receive antennas. The Channel State Information (CSI)
between the TXA and RXA is set as G € CN*M and x, €
CMx1 denote the transmit signal vector. Since the problem
formulation is based on PTE optimization (hereafter opt.), this
can be expressed as followings [20]:

max  Qrp = tr((GSGH)/2) (1)

subject to  tr(S)/Z < P, S*0.

where S = £[x;x] is the transmit covariance matrix, Z is

the impedance, and P; is the total transmit power constraint.
Since Q) g is the sum of received RF power at the IV receivers,
this convex problem optimizes the sum of received RF powers
with the transmission RF power fixed at P, which is a
same problem as optimizing the PTE. This is a typical linear
convex optimization problem of S which guarantees the global
optimum.

B. Rectifier Fitting Model

Fig. 2(a) shows the typical half-wave rectifier designed for
this paper using an HSMS-2860 Schottky diode, operating
at 5.64 GHz and 420  load and designed with Advanced
Design System (ADS). Subfigure (b) illustrates the measured
data points of the rectifier, collected from 0 to 30 dBm?2. For

'While various methods exist for dividing or combining RF or DC signals,
the figure illustrates the most conventional and simple one.

2This paper employs a half-wave rectifier, which is the simplest and least
efficient type. This choice demonstrates that the proposed method supports
practical WPT scenarios where any type of rectifier can be used. Moreover,
TCE can be further improved when more advanced rectifiers are employed.

Input power (dBm)
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Fig. 2. (a) Conventional half-wave rectifier designed for this paper and (b)
its measured power conversion efficiency (PCE).
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Fig. 3. (a) Rectifier behavior in watts-to-watts and (b) piecewise-defined

function based on its convexity.

a calculable form, the rectifier data in Fig. 2(b) is converted
into a watts-to-watts relationship, as shown in Fig. 3(a)’.
However, the resulting curve is complex to be represented
by a single formulation; therefore, it can be divided into
several piecewise functions. Fig. 3(b) shows the piecewise-
defined function, where all five segments are used, as follows:

fi (linear: affine)
f2 (quadratic: concave)
Ppc = f(Prr) =4 f3
fa (exponent: convex)
f5 (setas ‘0")
then an additional optimization that minimizes the root mean

square error (RMSE) between each f; and the measured data
was processed, by selecting the appropriate coefficients.

(cubic: concave) 2)

C. RF-DC Optimization
Now the f(-) is added at (1), where the problem is now:

max  Qpc =y _ f(diag[(GSG™)/Z)l;) ()
tr(S)/Z < P,, S=0.

which becomes complex due to the non-convexity of the
rectifier function, f(-). Unlike the convex optimization
problem in (1), formulating an optimization problem that
guarantees a global optimum is challenging. Therefore, this
paper proposes the use of a global optimization solver: Mixed-
Integer Nonlinear Programming (MINLP) solver. This is more
suitable since the f(-) was simply formulated.

subject to

3The load in this paper is fixed at 420 €, as this value was optimized
during the rectifier design itself.
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Algorithm 1 Global Optimization Procedure

e Variable: S.
o Objective: >, frect(pi). here, p; = [GSGH)/Z];.
o Constraint: Transmitted total RF power; PIXA

const *
Step 1: MINLP Formulation. Start from (3).

4
yi = fe(pi) if i =1, > Sik=1, &y €{0,1}.
k=1

Here, f5(-) is set to 0 or ignored beyond py4.
Step 2: Warm Start with RF-RF. Evaluate the initial solution S (init).
compute LB = >, frect (pi(S(i“it))) as a feasible starting point.
Step 3: Global Solver Execution. Call MINLP solver:
1) Branch and Bound (BB): Recursively split binary d; j, constraints;
2) Relaxation: Use convex relaxations to obtain UB;
3) Pruning: Discard branches with UB < LB;
4) Feasible Solutions: Update LB for every iteration.

Continue until global gap < e.
Step 4: Optimization End. Return the final S* that maximizes PRXA =

max
Z'L frect (p:)
Step 5: Output. find x} from S* by eigenvalue decomposition [20].

The algorithmic process is summarized in Algorithm 1. For
each receiver 4, binary variables d;, € {0,1} is introduced
to indicate the segment in which p; lies, subject to the
constraint y_, §; , = 1. The S = 0 satisfies tr(S) < PIX2,
which ensures a feasible power budget by limiting the total
transmitted RF power. Combining these conditions results in
a mixed-integer semidefinite programming formulation. Next,
a PTE opt. problem, as described in (1), is solved to obtain
an initial feasible beamformer S(init), for a warm-start lower
bound (LB)*. Subsequently, a global MINLP solver (e.g.,
BARON or SCIP) is employed, combining the branch-and-
bound (BB) framework with convex relaxations to minimize
computational complexity. The procedure terminates once the
global optimality gap falls below a predefined tolerance e,
returning an optimal S for the piecewise rectifier model. Then,
TCE (nrcg) can be written as followings:

mce (%) = (P / Peonat) X 100 S

where PIX2 denotes the constrained transmitted RF power

from the TXA, and PRXA represents the optimized received

DC power at the RXA.

ITII. SIMULATION AND EXPERIMENTAL RESULTS

A. Simulation Results

A MATLAB simulation operated by AMD Ryzen 7 5800X
processor was conducted. Simulation assumes free-space
environment based on antenna patterns by channel calculation,
well described in [8]. Fig. 4 shows the TCE optimized results
as the size of TXA and RXA changes when transmitted
RF power of 20 W, face-to-face, and distance of 0.5 m.
Fig. 4(a) shows the TCE, where it increases in the vertical
direction simply because more receiver antenna elements can
receive power. Fig. 4(b) shows the contour plot of ‘Receiver
Utilization Efficiency,” which is defined in this paper as:

nruE (%) = (Pceivea / Fpeak ) % 100 (5)

4Starting from the RF-RF optimal solution significantly shortens the
calculation, as global optimization requires a high number of trials.
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Fig. 5. Received power plot by varying the transmitted RF power: (a) received
DC power and (b) RF power.

where PR represents the maximum possible DC power limit
from the RXA, obtained by multiplying the number of RXA
elements by the rectifier’s peak DC power, while PRX2
denotes the total received DC power. Therefore, the RUE
means the RXA aperture usage amount. For small RXAs, all
rectifiers can achieve peak performance which RXA aperture
is fully used. However, in large RXAs the RUE drops, showing
that some antennas are not being utilized.

To demonstrate specific simulation scenarios, suitable sizes
for the TXA and RXA must be selected. Based on the contour
results shown in Fig. 4(b), five diverse TXA/RXA pairs were
chosen (marked by star symbols), covering a range from small
to large, with the 16x16 TXA and 8x8 RXA specifically
selected as a ‘reference pair’ (black star) suitable for the
MIMO scenario®. Fig. 5 shows the received power as the
transmitted RF power increases from 5 W to 200 W for
the ‘reference pair’. Subfigure (a) clearly illustrates that the
received DC power nearly saturates at Pplg(]f, while subfigure
(b) indicates a linear increase in RF power due to the absence
of constraints on the received RF power.

Fig. 6 shows the received RF and DC power as a function
of distance for both optimization methods, with a fixed
transmitted RF power of 20 W across five different TXA/RXA
pairs. The solid line represents the PTE opt. results, while
the dashed line corresponds to the proposed TCE opt. results,
which fully achieves higher DC power by directly accounting
for the rectifier’s characteristics. The results clearly indicate
efficiency decreases as the RXA size becomes smaller. Fig. 7
shows a specific example of the received power distribution
for the ‘reference pair’ at 0.5 m, which distance showed

SLess than 1 second to optimize the PTE, while over 3 minutes took for
TCE using ‘reference pair’. MATLAB codes were executed on the CPU.
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the clear difference between RF and DC power shown in
Fig. 6(b), and also unified with the previous simulation
scenarios. It clearly demonstrates that TCE opt. effectively
maximizes the peak DC power at the receiver. Since this
scenario was selected to highlight MIMO effectiveness, the
outer region of the large RXA (8x8) does not reach its
optimal state, which npcg decreases as the RXA size grow. The
received DC power for PTE and TCE opt. were 3.60 W and
5.96 W, respectively, indicating a significant improvement of
65.6%. Moreover, the calculated npcg was 18.0% and 29.8%,
respectively, underlining the effectiveness of the proposed
method in maximizing DC power, particularly in MIMO
systems, compared to conventional PTE opt.

B. Measurement Results

Fig. 8 shows the MIMO WPT prototype setup used for
measurements [9], [21]. The transmitter operates at 5.64 GHz
and includes 256 LP patch antenna elements with 0.6\ element
spacing, which can individually deliver RF power up to 1 W.
Each individual transmit module contains an antenna, a 7-bit
attenuator up to 31.75 dB attenuation, and a 4-bit phase shifter
with a resolution of 22.5°. A same antenna with TXA was used
for RXA, having size of 5x5.

Fig. 9 presents the (a) simulated and (b) measured results
for a face-to-face scenario at a distance of 0.5 m. The received
RF power was measured using a spectrum analyzer, while

sensor
(INA 219)

Fig. 8. Measurement setup: (a) 16x16 TXA and 5x5 RXA and (b) DC
power measure setup with Arduino Mega and power sensor.

DC power (mW)

140
120
100
80
60

1 2 3 4 5 40

RXA Column index

140
120
100
80
60
40

RXA Column mdex

RF power (dBm)

30

5 5
27
24 .

3
21

2
18

1 2 3 4 5 15

RXA Column index

30
27
24
21
18
15

RXA Column mdex

-
IS

w

(a) Simulated

RXA Row index
RXA Row index

o

N

4

w
w

(b) Measured

~

RXA Row index

RXA Row index

Fig. 9. Heatmap of RF and DC received power distribution of 5x5 RXA
by 16x16 TXA at 0.5 m distance. Result of the proposed optimization: (a)
simulated and (b) measured.

the DC power was measured using a power sensor (INA
219) connected to an Arduino Mega. The transmitted RF
power was constrained to 20 W by controlling the attenuator.
The simulated and measured results show a good fit, with
the simulated and measured DC power being 2.76 W and
2.58 W, respectively. Considering the well-known challenges
in accurately estimating rectifier performance mentioned in
the introduction, the results demonstrate strong agreement
between simulation and measurement.

IV. CONCLUSION AND FUTURE WORKS

This paper presents a DC power optimization methodology,
which is equivalent to optimizing the TCE and is especially
effective in MIMO WPT scenarios for ISAC applications
under a certain constraints. In a specific MIMO WPT
scenario, a significant 65.6% improvement in TCE compared
to conventional PTE optimal was observed through simulations
and validated by measurements. These results can be used for
such an upper bound for evaluating more practical researches
such as real-time algorithms.

Future work should extend this research to non-ideal
DC combining and variable-load resistance systems under
real-world MIMO WPT scenarios (e.g., low-power IoT or
watt-scale MIMO applications), considering optimal load
resistance determination and compliance with human exposure
limits.
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