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I. INTRODUCTION 

Microwave and mmWave wireless power transfer (MPT) is a 

position-free and long-range wireless power transfer (WPT) 

technology that uses an electromagnetic (EM) field to transmit 

energy to the receiver (Rx) in radiative near- and far-field re-

gions. Recently, in conjunction with improvements in commu-

nication technologies, such as 5G and 6G, MPT has attracted 

significant attention from academia and industries for powering 

widespread electronic devices and sensors in homes and offices 

[1, 2]. 

The MPT system consists of a power source connected to a 

transmitter (Tx) antenna system, a wireless channel, an Rx anten-

na system, and a rectifier circuit that provides direct current 

(DC) power to the electronics [3]. To develop the MPT system, 

the DC-to-radio frequency (RF) conversion efficiency of the 

power source, the power transfer efficiency (PTE) from the Tx 

antenna to the Rx antenna, the RF-to-DC conversion efficiency, 

and the DC-to-DC conversion efficiency must be considered. 

To improve RF-to-DC conversion efficiency, rectennas have been 

actively studied [4, 5]. In particular, the enhancement method of 

PTE has been examined in various scenarios [6, 7]. An algo-

rithm to maximize the PTE for charging multiple Rxs was pro-

posed using the optimization problem [6]. The convex optimi-

zation algorithm for exciting the Tx antennas of a microwave 

WPT system that transfers maximum power under a specific 

absorp- tion rate constraint for human safety was developed [7]. 

Prior knowledge of the accurate upper bound of PTE for a 
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In this study, we present an efficient method to find the power transfer efficiency (PTE) bound for practical microwave and mmWave 

wireless power transfer (MPT) systems composed of transmitter (Tx) and receiver (Rx) array antennas. The PTE bound of the MPT system 

is obtained by formulating it as a convex optimization problem (CVP) that maximizes the power received at the Rx array under the transmit 

power constraint. The channel state information (CSI) between each element of the Tx and the Rx is the input parameter of the proposed 

CVP. The CSI is estimated using the Friis transmission equation and the active element pattern of the array antenna because the Tx and 

the Rx are assumed to be large arrays. For an MPT system designed at 10 GHz and 24 GHz, the estimated PTE bound is compared to 

those in previous studies while varying the distance and tilted angle between the Tx and the Rx. The computation times required for the 

methods are compared. The numerical results show that the proposed method provides a faster and more accurate PTE bound without 

full electromagnetic simulation of the MPT system consisting of Tx and Rx array antennas. This study's results will serve as guidelines for 

practical MPT system design in the future. 
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given Tx and Rx antenna array is essential to the successful design 

of an MPT system. The number of antennas and the element 

spacing of the Tx and Rx array antenna should be properly de-

termined in the initial stage of system design. In this study, the 

PTE bound is defined as the maximum PTE. Many studies 

have attempted to calculate the PTE of inductive and resonance 

WPT [8, 9] and MPT [10–15] systems. For instance, Goubau 

[11] and Shinohara [10] showed that a Gaussian beam is an 

optimal transmission source between two planar apertures, espe-

cially in the radiative near field, and they calculated PTE using 

the proposed theory. The PTE bound of the radiative WPT 

was derived for the aperture Tx and a practical mobile antenna 

[12]. In these studies, the PTE bound was calculated using a 

continuous source of the Tx, assuming that the Tx is an aperture 

antenna and that the Rx is an aperture or single antenna.  

In practical MPT, the Tx and the Rx use array antennas that 

have discrete element antennas. Therefore, an effective method 

for calculating the PTE bound of array antennas is needed to 

design practical MPT systems. Recently, a rough upper bound 

of PTE was obtained by assuming that the signals received by 

the Rx element were added in-phase and that Rx elements' 

power can be maximized simultaneously and combined [13]. 

Other research groups have proposed methods to calculate the 

maximum PTE using a scattering parameter [14, 15]. The PTE 

can be calculated accurately if a full EM simulator is used to 

obtain the scattering parameters between the Tx and the Rx of 

the MPT system. However, the size of the simulation space is 

limited by the available computer memory capacity, and the 

simulation time is very long. This is especially true for mmWave 

WPT because the number of array antennas increases to hun-

dreds [1], and the electrical size increases significantly. 

Therefore, we propose a PTE bound estimation method that 

considers practical array antennas and estimating channels in 

the MPT system without a computational burden. The convex 

optimization problem (CVP) is used to estimate the maximum 

PTE of an MPT system, which can be used as the upper bound 

of the power received at the Rx under limited transmit power. A 

CVP is known to guarantee the existence of a global optimum 

[16]. For the proposed CVP, channel state information (CSI) is 

estimated using the Friis transmission equation and the active 

element pattern (AEP) of the array antenna. The PTE bound is 

obtained by inputting the estimated CSI to the proposed CVP. 

This method is applied to an MPT system with a Tx and an Rx 

composed of patch array antennas operating at 10 GHz and 24 

GHz, respectively. The PTE bounds are investigated by varying 

the distance and tilted angle between the Tx and Rx antennas. 

The required computation time for the methods is also presented. 

The numerical results are compared with those obtained in pre-

vious studies. We obtain the PTE bound more accurately and 

quickly compared with previous research by using CSI obtained 

by the AEP and the Friis equation in the proposed convex op-

timization process. 

II. EFFICIENCY BOUND CALCULATION ALGORITHM 

1. System Model and Estimation of CIS 

We consider an MPT system in which a Tx and an Rx are 

array antennas operating at microwave and mmWave frequen-

cies, as shown in Fig. 1. The Tx and Rx arrays are square arrays, 

as usual [1], and consist of 𝑁  and 𝑁  antennas, where 𝑁  

and 𝑁  are the number of elements per one side of the Tx and 

the Rx, respectively. In general, the edge effect in which the ra-

diation of the edge element differs from that of the center ele-

ment occurs in a finite array. However, in the case of an array 

antenna consisting of hundreds of antennas, the edge effect is 

quite small in the radiation characteristics of the array because 

the ratio of the number of edge elements to the total number of 

elements is small enough to ignore the edge effect. For example, 

if the size of the array antenna is 16 × 16, the ratio is 14%. In 

this study, as the Tx and the Rx are assumed to be large arrays, 

the edge effect can be ignored, and the AEP can be used for the 

calculation of the CSI. By using the AEP, the magnitude and 

phase of the CSI can be determined in closed form. In the far-

field region of each element of the Tx and the Rx, the magni-

tude of the CSI is calculated from the Friis transmission equa-

tion between element t of the Tx and element r of the Rx array, 

as follows: 
 𝑐 _ = 𝐺 (𝜃 , 𝜑 )𝐺 (𝜃 , 𝜑 ) , (1)
 

where 𝐺 (𝜃 , 𝜑 ) and 𝐺 (𝜃 , 𝜑 ) are the gain of the elements 

in angles 𝜃 and 𝜑 with respect to the Tx and Rx normal 

planes, respectively, 𝜆 is the wavelength of the operating fre-

quency, and 𝑑  is the distance between those elements. The 

magnitude of the CSI in the near field is expressed as [10]: 
 𝑐 _ = 1 − exp (−𝜏 ), (2)
 

where 𝜏 = 𝐴 𝐴 cos𝜃 cos𝜃 /(𝜆𝑑 ) , and 𝐴  and 𝐴  are 

the aperture areas of the elements of the Tx and the Rx. cos𝜃  

and cos𝜃  are contained in 𝜏  to consider angles 𝜃 and 𝜑 

 
Fig. 1. MPT system consisting of a transmitter and a receiver.
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with respect to the Tx and Rx normal planes. The phase of the 

CSI is calculated by converting the distance between each ele-

ment to phase terms, as follows 𝜙 = 2𝜋𝑑 /𝜆. The PTE 

results obtained using the estimated CSI and the actual CSI are 

compared in Section III. In this study, the actual CSI is defined 

as a scattering parameter between the Tx and Rx elements ob-

tained through a full EM simulation. 
 

2. Optimization Problem for Efficiency Bound Calculation 

Let the transmit signal be denoted by 𝑥 ∈ ℂ ×  and S =𝑥 𝑥 , where subscript H denotes the conjugate transpose. Let 

the CSI matrix between each element of the Tx and the Rx be 

denoted by C ∈ ℂ × , where C  is calculated using the 

method proposed in Section II-1. The sum of power received 

by each element can be expressed as 𝑃 (S) = ‖C𝑥 ‖ =tr(C CS) [6].  

The objective of the optimization is to maximize the power 

received at the Rx under the transmit power constraint that ex-

ists across all Tx antennas denoted by ‖𝑥 ‖ = tr(S) ≤ 𝑃 , 

where 𝑃  is the limited transmit power of the MPT system. 

The aforementioned design problem can be formulated as: 
 

   max      tr(C CS) (3)

subject to      tr(S) ≤ 𝑃 . (4)
 

To convert optimization problems (3) and (4) to the CVP, we 

use the equivalent problem using epigraph form and add the 

transmit signal constraint, that is, 
 

max          𝑃  (5)

subject to     tr(C CS) ≥ 𝑃  (6)tr(S) ≤ 𝑃 (7)S ≽ 0. (8)
 

Optimization problems (5)–(8) are semidefinite programs [14] 

and CVPs. Therefore, they can be solved by MATLAB soft-

ware for disciplined convex programming (CVX) [17]. Eq. (8) 

means that S is semidefinite. It can be said that the transmitted 

power is constant in this optimization problem because inequality 

(7) always satisfies the equality condition when the optimization 

problem is solved completely. The proposed optimization problem 

maximizes the total received power with constant transmitted 

power, so it is considered to be a problem of maximizing the 

PTE. The maximum efficiency of the MPT system can be ob-

tained using the estimated CSI and the proposed optimization 

problem. In this study, the PTE under the condition of the 

MPT system is defined as 𝑃 /𝑃 . 

We executed the PTE bound estimation method using the 

following process. First, we determined the specifications of the 

MPT system. Second, we designed the element of the array 

antenna and obtained the AEP. Third, the CSI was estimated 

using the designed element antenna, the distance between the 

Tx and the Rx, and the tilted angle of the Rx relative to the 

broadside of the Tx. Finally, the estimated CSI was fed to CVPs 

(5)–(8), and we obtained the PTE bound using the calculated 

maximum PTE. 

III. NUMERICAL RESULTS AND DISCUSSION 

In this section, we present the simulation results to validate 

the proposed method. The MPT system consisting of a Tx and 

an Rx, which are square array antennas, was considered as 

shown in Fig. 1. The AEP was obtained using unit cell simula-

tion in CST Microwave Studio. The element antenna was a 

microstrip patch antenna operating at 10 GHz and 24 GHz, 

designed on a Taconic TLY-5 dielectric substrate with relative 

permittivity of ε = 2.2, loss tangent of 0.00009, and the length 

of one side of 0.6 wavelength, as shown in Fig. 2. The design 

parameters of the patch element for each operating frequency 

are listed in Table 1. The gains of the element antennas were 

calculated using the AEP, as shown in Fig. 2. The PTE results 

of the proposed method were obtained using MATLAB and 

CVX. 

 

1. PTE Variation with Distance 

The distance d between the Tx and the Rx was varied under 

the condition of fixed physical sizes of the Tx and the Rx, as 

shown in Fig. 3. These were fixed to 0.15 m × 0.15 m and 0.06 

m × 0.06 m, respectively. The number of antenna elements in 

the array was set according to physical size, the spacing between 

elements, and the operating frequency. As we designed the sin-

gle-element antenna structure with a size of 0.6 wavelength, the 

number of (Tx, Rx) elements was determined as (11 × 11, 4 × 4) 

and (26 × 26, 10 × 10) at 10 GHz and 24 GHz, respectively. 

The PTE bound of the proposed method was compared to 

those in [11] and [13], as shown in Fig. 4. 

(a) (b) 

Fig. 2. (a) Unit cell element of the patch antenna array with the 

designed parameter and (b) its normalized gain of the AEP.

 
Table 1. Parameters of the unit cell element 

W (mm) L (mm) f (mm) H (mm)

10 GHz 11.5 9.59 2.10 0.50

24 GHz 4.78 3.95 1.00 0.25
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Fig. 3. Simulation scenarios A and B of the MPT system. In all 

cases, the receiver faces the center of the transmitter. The 

positions of A and B vary with distance d and angle θ, re-

spectively. 

 

 
(a) 

 
(b) 

Fig. 4. Comparison of the PTE bounds of the practical array an-

tennas with operating frequencies of 10 GHz (dashed line) 

and 24 GHz (solid line). The hollow symbols indicate the 

points calculated by the proposed method using the esti-

mated CSI (square). The PTEs are calculated using the ac-

tual CSI (star) at 10 GHz (solid) and 24 GHz (hollow). 

The proposed method is compared to [11] and [13]. The 

number of (Tx, Rx) elements is (11 × 11, 4 × 4) and (26 

× 26, 10 × 10) at 10 GHz and 24 GHz, respectively, un-

der the condition of a fixed physical size. (a) PTE bounds 

according to the distance between the Tx and the Rx when 

facing each other on the broadside. (b) PTE bounds accord-

ing to the tilted angle of the Rx relative to the broadside of 

the Tx when the distance is fixed to 1 m. 

We calculated the PTE bound using the actual CSI over 500 

mm intervals to validate our study. To obtain the actual CSIs, 

the entire MPT system shown in Fig. 1 was simulated using the 

time-domain solver of CST Microwave Studio running a com-

puter with two NVIDIA Tesla V100-PCIE-32GB graphics 

processing units (GPUs). Even with GPU acceleration tokens, 

the computer required 121 hours to obtain three points (500 mm, 

1,000 mm, and 1,500 mm) in the case of 24 GHz, whereas the 

estimated CSI was obtained in 5 minutes. The estimated CSIs 

were calculated using MATLAB with the Tx and Rx parameters, 

such as the number of element antennas, spacing, and AEPs. 

The time to obtain an AEP using a full EM simulation was less 

than 2 minutes. The computation time for the actual CSI was 

significantly large because the electrical size of the MPT system 

was enormous in mmWave, and the full EM simulation was 

iterated using the same number of times as that of the Rx ele-

ments. 

We can observe that the PTEs calculated using the proposed 

method are in good agreement with those calculated using the 

actual CSI. The error between the PTEs of the actual and the es-

timated CSI is defined as (𝑃𝑇𝐸  − 𝑃𝑇𝐸  )/𝑃𝑇𝐸  . The average errors of 10 GHz and 24 GHz are 

5% and 3.9%, respectively. These results demonstrate that the 

proposed method accurately reflects the practical MPT system. 

The small discrepancy between the results using the proposed 

CSI and the actual CSI is a result of the limited number of 

mesh cells in the EM simulation and the difference between the 

AEPs and the actual radiation pattern of the antenna elements 

in the finite array. More than 2.4 billion finite-difference time-

domain (FDTD) mesh cells are required to obtain an accurate 

actual CSI in the 24 GHz scenario. However, the number of 

mesh cells that can be simulated is limited to 2.4 billion. There-

fore, we reduced this even if the actual CSI accuracy was lower.  

The PTE bounds of [11] and [13] are equal and show the 

maximum upper bound. As we mentioned in the introduction, 

the Tx and the Rx were apertures in [11], and the powers re-

ceived at the Rx elements were independently maximized in 

[13]. This means that the PTE bound was roughly calculated as 

the largest value. The PTE bound of the proposed method is 

lower than that of [11] and [13] in the entire region. At a dis-

tance of 1 m and a frequency of 24 GHz, the PTEs of the pro-

posed method and [11] are 66.8% and 74.6%, respectively. This 

means that the PTE bound of [11] is larger than that of the 

proposed method by a 11.6% ratio. At a distance of 1 m and a 

frequency of 10 GHz, the PTEs of the proposed method and 

[11] are 20.2% and 18.2%, respectively. This means that the 

PTE bound of [11] is larger than that of the proposed method 

by a 10.9% ratio. As the distance increases, the PTE bound of 

the proposed method and that of [11] and [13] become closer, 

as the beam focusing by the optimization algorithm becomes 
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the same as the conventional beamforming using a transmit 

signal of the same magnitude and phase.  

The results show that the PTEs at 24 GHz are consistently 

larger than those at 10 GHz. This is because the focusing capa-

bility of the array antenna increases as the electrical size of the 

array increases. In the case of the far-field region, the antenna 

gain is approximately expressed as 4πA/𝜆  for an array with a 

physical size A. Conversely, in the case of the near-field region, 

the difference between PTEs at 10 GHz and 24 GHz is re-

duced because the distance is close, and most transmit power is 

transferred to Rx in both cases. It is noticeable that the higher 

the frequency, the larger the PTE for the Tx and Rx arrays of 

the same size. This suggests that frequency selection is im-

portant to determine the size of the Tx and the Rx when the 

desired MPT system specifications, such as PTE and range, are 

provided. 

 

2. PTE Variation with a Tilted Angle 

A PTE estimation when the Rx is tilted from the broadside 

of the Tx is required for the MPT system design. Therefore, the 

PTE was calculated according to the tilted angle 𝜃 of the Rx at 

a fixed distance of 1 m from the Tx, as shown in Fig. 4. The 

physical sizes and numbers of the Tx and Rx elements were the 

same as those in Section III-1. The PTE bounds of [11] are the 

uppermost bound, as with the results in the previous section. At 

an angle of 50° and a frequency of 24 GHz, the PTEs of the 

proposed method and [11] are 58.5% and 30%, respectively. 

This means that the PTE bound of [11] is larger than that of 

the proposed method by a 95% ratio. The PTEs using the pro-

posed method agree well with those using the actual CSI. These 

results indicate that the proposed method can provide a tighter 

PTE bound than the other methods can and that it can be applied 

to the design of practical MPT systems.  

The greater the tilted angle of the Rx, the lower the PTE at 

10 GHz and 24 GHz. This is because the element gain of the 

RX is lower when the tilted angle is greater. In the case of 24 

GHz, the total computation times to obtain three points (10°, 

30°, and 50°) using the actual and estimated CSI were 151 hours 

and 5 minites, respectively. This demonstrates that the proposed 

method can be used to obtain the PTE bound accurately with 

much less time than the other methods can. 

IV. CONCLUSION 

In this study, we proposed an efficient PTE bound estima-

tion method for practical MPT system design with a minimal 

computational burden. The maximum PTE of the MPT system 

was obtained using the estimated CSI and the proposed CVP. 

For a fast and accurate PTE bound calculation, the CSI was 

estimated using the Friis transmission equation and the AEP of 

the array antenna under the assumption that the Tx and the Rx 

are large arrays. The proposed CVP was formulated to maximize 

the received power under the transmit power constraint; there-

fore, the proposed CVP can maximize the PTE of the MPT 

system. For an MPT system operating at 10 GHz and 24 GHz, 

we calculated the PTE bound using the proposed method and 

compared it with those obtained using previous methods. The 

PTE bounds were obtained by varying the distance and tilted 

angle between the Tx and Rx antennas. Analyzing the results 

according to the distance, it was found that the PTE bound 

obtained by the previous method was, on average, 10% larger 

than that of the proposed method using the actual CSI. In addi-

tion, we showed that the PTE bound using the estimated CSI 

was, on average, 3.9% larger than that using the actual CSI ob-

tained by the full EM simulation. The simulation time for ob-

taining the PTE of the proposed estimation method is several 

thousand times shorter than that of previous methods. There-

fore, the proposed optimization method for obtaining the PTE 

using the CSI estimation method is accurate and significantly 

shortens the overall simulation time of the WPT system. It is 

expected that the proposed method can be applied to determine 

the design parameters of the MPT system, such as the number 

of element antennas and the spacing between the element an-

tennas of the Tx and the Rx. 
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