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Abstract: Antenna beamforming for Simultaneous Wireless Information and Power Transfer (SWIPT)
and Wireless Power Transfer (WPT) in an indoor 6G communication system is presented in this
paper. The objective function is to maximize the total harvesting power for the SWIPT and WPT
nodes with the constraints of the bit error rate and minimum harvesting power. In the study, the
power-splitting ratio between harvesting power and decoding information can be adjusted for the
SWIPT node. Due to the non-convex problem, we use Self-Adaptive Dynamic Differential Evolution
(SADDE) to optimize the designed multi-objective function. We use a symmetric antenna array to
study three situations of distance—closer, farther, and similar—between the transmitting antenna
and the individual SWIPT and WPT nodes in this paper. Experimental results show that the overall
harvesting efficiency is improved, especially in the case of SWIPT nodes closer to the transmitter. The
total harvesting power can be improved by 86.7% in the total short-distance case, and by 7.87% in the
total long-distance case.

Keywords: 6G communication system; Simultaneous Wireless Information and Power Transfer
(SWIPT); Wireless Power Transfer (WPT); Self-Adaptive Dynamic Differential Evolution (SADDE);
multi-objective function

1. Introduction

The 6G science and technology has developed very rapidly in recent years in order to
improve the strength of transmitted and received signals, as well as system performance
gain. Therefore, symmetric antenna arrays are widely used in communication, radar, and
other systems. The focus of 6G communication is on four application areas: solving social
problems, connecting people and things, building a broader communication environment,
and achieving the complex integration of the virtual and the real [1–4]. The transmission
capacity of 6G is probably 100 times higher than that of 5G, while the network latency is
also reduced from milliseconds (1 ms) to microseconds (100 µs). The main purpose is to
develop the internet. Power efficiency, spectral efficiency, air delay, connection density,
reliability, peak data rate, and user experience data rate are far better than those of 5G mobile
communication systems, which have been officially rolled out all over the world [5–7]. As
6G communication systems are being actively developed, in order to meet the goal of high-
speed communication, the US Federal Communications Commission (FCC) suggests that
the frequency band used for 6G should be 95 GHz to 3 THz. As 6G has higher speed, lower
latency, and a wider connection range than 5G, more high-frequency resources such as
millimeter and terahertz waves can be implemented with artificial intelligence technology
to create more connections.
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Energy-constrained and energy-consumptive are typical wireless device problems
in the Internet of Things (IoT), although the wireless device can solve them by changing
batteries [8,9]. However, it requires high operational costs, and is not feasible in some
scenarios. WPT and SWIPT can solve this problem by replenishing energy from the ambient
environment constantly. Moreover, the SWIPT can provide energy and transfer data at the
same time. For some applications, the sensor can use the relay wireless signal or the base
station wireless signal to harvest power when it has information transaction requirements.
In the past, some studies on low-power IoT have used UAVs to improve the SWIPT/WPT
charging efficiency and extend the transmission path of the base station [10]. There are
also studies on the coverage and performance improvement of systems using SWIPT/WPT
relays [11].

Some researchers have used deep learning methods to adjust the antenna for the
SWIPT system [12,13]. SWIPT cooperative spectrum sharing for 6G-enabled cognitive IoT
networks was proposed in [14]. SWIPT cooperative relays were discussed in [11]. Simulta-
neous WPT with IoT toward 6G has been presented in [15]. For THz beamforming in 6G
communication systems, Wang used a reconfigurable intelligible surface for beaming [16].
Huang applied deep reinforcement learning to adjust a reconfigurable intelligent surface to
improve the beaming technology [17]. Guo employed circuit multiple beaming networks
to reduce the cost and power consumption [18]. Cataka proposed a mitigation method
for adversarial attacks against 6G machine learning models for millimeter-wave beam
prediction using adversarial training. The results show that the mean square errors of the
defended model under attack are very close to those of the undefended model without
attack [19].

Some studies on beamforming technology for SWIPT and WPT have been published in
recent years [20–24]. The topologies for splitting-based SWIPT are investigated in [25–27].
Time-splitting, power-splitting, and frequency-splitting are the most popular ways to
achieve SWIPT. In the power-splitting technique, a power-divided component is utilized to
divide the received signal into two streams with a designed power ratio. The major merit is
that the signal is used for both functions in the same time slot. For the evolution algorithm,
Differential Evolution (DA) and SADDE have been used in the antenna beamforming
design, as in [17,28]. The objective function used in this paper is the weighted sum of the
individual objective functions, such as the antenna pattern, antenna sidelock, and scattering
s-parameters. None of the BER is considered in these cases.

A lot of low-power sensors for 6G SWIPT/WPT IoT are placed in modern communi-
cation systems. SWIPT has an advantage compared with the conventional time-division
multiplexing mechanism, where the transmissions of power and information are separate.
In addition, past SWIPT power-splitting has used fixed splitting coefficients, but in fact, this
may lead to excessive waste of transmission energy. Thus, if we can control the adjustment
of the splitting coefficients dynamically, the harvest power efficiency can be improved a lot.
Our proposed system can switch beams according to the sensors in the environment. As a
result, overall high performance can be achieved.

Our novelty is to present beamforming technique optimization for SWIPT and WPT
in 6G terahertz broadband communication systems. The beamforming technique is used
to adjust the phase of the transmitter to find the maximum power harvesting efficiency
under the constraint of the preset lowest bit error rate and lowest harvesting power. The
bit error rate of the broadband signal is affected by the multipath and the power level at
the same time, as the bit error rate is a nonlinear function and, thus, one cannot find the
best solution by the differential method. The evolution algorithms are used to optimize
the different requirements at the same time by the designed multi-objective function. The
ray-tracing method is used to simulate the environment. Then, SADDE is used to optimize
the synthetic field pattern of the antenna array to improve the system performance.

The structure of this article is listed as follows: Section 2 introduces the system
model and the deployment of the antenna array. In Section 3, the evolution algorithm
and objective function are presented. Numerical results are given in Section 4, where we
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compare the SWIPT and WPT using SADDE. The final section summarizes the contributions
of this paper.

2. System Model

In the channel model, the ray-tracing method is used to calculate the loss and frequency
response of 6G terahertz communication. The frequency response is denoted as follows:

H( f ) = ∑N
i=1 αi( f )ejϕ( f ) (1)

where N is the total number of paths, f is the frequency, i is the path index of the ray, αi is
the i-th amplitude comprising the phase and intensity information, and ϕ is the phase shift
delay. The time-domain impulse response of the equivalent baseband can be obtained by
using the inverse Fourier transform.

h(t) =
∫ ∞

−∞
H( f )ej2π f td f (2)

Figure 1 shows the SWIPT splitter structure. For simulation’s sake, the split rate of the
power divider is set to α for the power harvester. The harvesting power collector and the
information decoder are arranged in front of the power distributor.
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The wireless harvesting power is modeled as the received energy per bit:

HP = αη
∫ ∞

−∞
h(t)2dt (3)

where η is the portion of RF signal used for power acquisition, and α is the energy split
ratio. The information decoder for BER is used to study the inter-symbol interference in
our SWIPT system. Its calculation formula is as follows [29,30]:

BER = ∑2N

n=1 P
(
⇀
d n

)
·1
2

er f c[
Vn√
2σ
·(dN)] (4)

where er f c(x) = 2√
π

∫ ∞
x e−y2

dy is the complementary error function, and V is the received

signal after demodulation. {
⇀
d n} = {d1, d2, . . . dN} is the binary sequence, and N is the

number of bits.
The array equivalent mode is calculated by the array factor, and the coordinate rela-

tionship is shown in Figure 2.
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According to Figure 2, we can express the array factor as follows:

AF(θ, φ, f ) =
M

∑
n=1

Wnejka[sinθsinθncos(φ−φn)+cosθncosθ] (5)

where M is the total number of antennas in the array, a is the distance between the antenna
location and the origin, θn and φn are the polar angle and azimuthal angle of the transmitter,
respectively, the azimuthal angle φ and polar angle θ are the spherical coordinates system,
and k is equal to 2π divided by the wavelength. The adjustment for phase delay and
antenna power can be expressed as follows:

Wm = ImejDm( f ) (6)

where Dm( f ) is the excitation current and Im is the phase delay. The relationship between
feed length and Dm( f ) can be expressed as follows:

Dm( f ) = −2π f
c
√

εr·`n (7)

where εr is the relative dielectric constant of the feeder and `n is the feeder length of the
transmission line, which can be used to adjust the phase delay; c is the light speed.

3. Evolution Algorithm

Dynamic Differential Evolution (DDE) is further developed into Self-Adaptive Dy-
namic Differential Evolution (SADDE). The SADDE algorithm adds a dynamic mechanism
to the adjustment factor during the DDE search [31]. The flowchart of the SADDE algorithm
is shown in Figure 3.

First, the population parameters are randomly initialized. The objective function of the
antenna array is calculated by using M-dimensional adjustment parameters. The position
of the particle is adjusted according to the parameters. From the calculation of the objective
function, the optimal particle is updated accordingly. The test vector then adjusts the
control vector in the next calculation, and decides whether to use the crossover mechanism
based on a preset probability. After crossover, the new particle is compared to the previous
target value, and the position of the globally optimal particle is renewed.
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The detailed steps are as follows:

Step 1 First, the population parameters are initialized randomly. During the initializa-
tion process, the population is initialized as a Ds-dimensional vector, where Ds
denotes the number of parameters.

Step 2 The Ds-dimensional adjustment parameters are used to calculate the objective
function for any antenna array. The objective functions for Lp particles are then
evaluated, where Lp denotes the population size. Based on the calculated value
from our objective functions, the best particle is updated accordingly.

Step 3 In adjusting the control vectors νg+1
i and ξ

g+1
i of the next iteration, the mutation

process is composed of arithmetic combination, by adjusting the test vector Ωg+1
i ,

which is generated from the parent parameter vector Λg
i by the following equa-

tion:(
Ωg+1

i

)
j
=
(

Λg
i

)
j
+ ν

g
i ·
[(

Λg
best

)
j
−
(

Λg
i

)
j

]
+ ξ

g
i ·
[(

Λg
m

)
j
−
(

Λg
n

)
j

]
m, n ∈

[
1, Lp

]
, m 6= n

(8)

ν
g+1
i =

{
νl + randa × νu , i f randb < 0.1

ν
g
i , otherwise

(9)

ξ
g+1
i =

{
ξl + randc × ξu , i f randd < 0.1

ξ
g
i , otherwise

(10)

where νi and νu are the lower and upper limits of ν, respectively. ξl and ξu are the lower
and upper limits of ξ, respectively. randa, randb, randc, and randd are uniformly distributed
random numbers from 0 to 1.

Step 4 In the crossover mechanism, crossover is determined according to the probability
of Coi, and the equation is as follows:

(
Γg+1

i

)
j
=


(

Ωg+1
i

)
j

, ζ(j) < Cog
i(

Λg
i

)
j

, ζ(j) ≥ Cog
i

(11)
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Cog+1
i =

{
rande , i f rand f < 0.1
Cog

i , otherwise
(12)

where ζ(j), rande, and rand f are the random numbers.

Step 5 The vector with the smaller objective function is used to update the position of
the global best particle.

Step 6 Finally, we decide to execute or stop the algorithm according to the iteration
number and the convergent condition.

In order to meet the different requirements concurrently, multi-objective functions are
considered in the algorithm. The goal is to find the maximum total harvesting power with
constraints. The constraints include the bit error rate as well as the minimum harvesting
power for the SWIPT and WPT nodes. The total harvesting power is expressed by the
following equation:

HPT =
MR

∑
m=1

HPm (13)

where MR is the total number of receivers in the environment.
The BER constraint is defined as 10−5, so that BERW is expressed as follows:

BERW =

{
10−5

BER , BER > 10−5

1, BER < 10−5 (14)

The minimum harvesting power for SWIPT is set at 5× 10−8 as the second constraint.
HPSWIPT is defined as follows:

HPSWIPT =

{
HP1

5×10−8 , HP1 < 5× 10−8

1, HP1 > 5× 10−8 (15)

The minimum harvesting power for WPT is set at 1.5× 10−7 as the third constraint.
HPWPT is defined as follows:

HPWPT =

{
HP2

1.5×10−7 , HP2 < 1.5× 10−7

1, HP2 > 1.5× 10−7 (16)

The objective function is assumed to be:

BERW × HPSWIPT × HPWPT × HPT (17)

From Equation (17), when the BER is reduced to 10−5, along with the minimum
harvesting power constraint being satisfied, the total harvesting power can be maximized
as much as possible.

4. Numerical Results

Terahertz waves were deployed as the indoor communication system in our research.
The frequency was set from 99 GHz to 109 GHz in a sixth-generation communication
system with 48 antennas. The SWIPT node was Rx1. The power collection node was Rx2.
Figure 4 shows the floor plan of the actual simulation environment. The Tx antenna was
located at the center of the room (5, 5, 1 m). In order to investigate the performance against
the location factor, three different distance scenarios were arranged between the receiving
antennas Rx1 and Rx2 and the Tx antenna. The first scenario placed Rx1 farther away
from Tx than Rx2. Here, Rx1 (9, 7, 1 m) and Rx2 (2, 6, 1 m) corresponded to the longer
total distance (i.e., Rx1 to Tx plus Rx2 to Tx), while Rx1 (7, 2, 1 m) and Rx2 (3, 6, 1 m)
corresponded to the shorter total distance. In the second scenario, Rx1 was placed closer to
Tx than Rx2. Rx1 (5, 8, 1 m) and Rx2 (2, 2, 1 m) corresponded to the longer total distance,
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while Rx1 (6, 6, 1 m) and Rx2 (2, 5, 1 m) corresponded to the shorter total distance. In the
third scenario, the distance of Rx1 and Rx2 from Tx was less than 1 m. Rx1 (9, 8, 1 m) and
Rx2 (3, 1, 1 m) corresponded to the longer total distance, while Rx1 (7, 8, 1 m) and Rx2 (2, 7,
1 m) corresponded to the shorter total distance.
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In the first scenario, Rx1 was farther away from Tx than Rx2. Figures 5 and 6 show the
SWIPT and WPT harvesting power, respectively, with and without α adjustment, where
α = 0.5 (power allocation ratio) is preset for the case without optimization adjustment. It
can be seen that the convergence was reached after 200 iterations. The harvesting power for
the WTP node was slightly increased with the power-splitting adjustment. Table 1 shows
the harvesting power ratio for the first group Rx1 (9, 7, 1 m) and Rx2 (2, 6, 1 m), in which
the harvesting power ratio was increased by about 7.15% by α adjustment. As long as the
BER and minimum harvesting power requirement for Rx1 are met, the excess power can be
efficiently allocated to Rx2 during the field adjustment process. Under this circumstance,
the total power for Rx1 plus Rx2 is increased.
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Table 1. Harvesting power ratios for Rx1 (9, 7, 1) and Rx2 (2, 6, 1).

BER Harvesting
Power Ratio

Harvesting Power Ratio
Improvement α

Rx1 O 6.61× 10−8

7.15%

0.5

Rx2 2.54× 10−7

Rx1 (α) O 5.00× 10−8 0.44

Rx2 (α) 2.93× 10−7

Table 2 shows the harvesting power for the second group, Rx1 (7, 2, 1 m) and Rx2 (3,
6, 1 m). We can see that the harvesting power for Rx1 without (α = 0.5) and with power-
splitting adjustment (α = 0.53) is the same. This is because the antenna pattern is changed
when α is being adjusted. In other words, the antenna gain towards Rx1 is decreased while
the power-splitting ratio is increased. Moreover, when the antenna gain towards Rx2 is
increased, the harvesting power for Rx2 is also increased. In the end, the total harvesting
power of Rx1 plus Rx2 is increased by 2.6% compared with that of α = 0.5. The random
search for the first generation is used in the SADDE algorithm. The different random seed
affects the convergence of our problem. However, if we use enough iterations, we can
obtain an accurate result.

Table 2. Harvesting power ratios for Rx1 (7, 2, 1) and Rx2 (3, 6, 1).

BER Harvesting
Power Ratio

Harvesting Power Ratio
Improvement α

Rx1 O 5.00× 10−8

2.6%

0.5

Rx2 4.88× 10−7

Rx1 (α) O 5.00× 10−8 0.53

Rx2 (α) 5.02× 10−7

In the second scenario, Rx2 is closer to Tx, and Rx1 is farther from Tx. Figures 7 and 8
show the SWIPT and WPT harvesting power, respectively, with and without α adjustment,
where α = 0.5 (power allocation ratio) is preset for the case without optimization adjustment.
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Simulations showed that the harvesting power was convergent at about 250 iterations. The
harvesting power for the SWIPT node was increased by adjusting the power-splitting ratio.
Table 3 shows the harvesting power ratio for the first group Rx1 (5, 8, 1) and Rx2 (2, 2, 1). It
can be seen that the harvesting power ratio was increased about 7.87% due to α adjustment.
As long as the minimum power harvesting requirement for Rx2 is met, the harvesting
power can be efficiently allocated to Rx1 through α adjustment. Consequently, the total
power for Rx1 plus Rx2 can be obtained. Table 4 shows the harvesting power for the second
group of Rx1 (6, 6, 1 m) and Rx2 (2, 5, 1 m). In this case, the harvesting power ratio for
Rx1 was increased due to the large power-splitting factor (α = 0.95). Again, the harvesting
power ratio for Rx2 without (0.5α) and with (0.95α) power-splitting adjustment was the
same. Eventually, the total harvesting power for Rx1 plus Rx2 increased by 86.7% compared
with that of α = 0.5. Figure 9 shows the radiation pattern from the transmitter to Rx1 (6, 6,
1 m) and Rx2 (2, 5, 1 m). The diagrams illustrate that both beams point correctly towards
Rx1 (6, 6, 1 m) and Rx2 (2, 5, 1 m). However, the gain for the case with power-splitting
adjustment is slightly greater than that without power-splitting adjustment.
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power−splitting adjustment and (b) with power-splitting adjustment.

Table 3. Harvesting power ratios for Rx1 (5, 8, 1) and Rx2 (2, 2, 1).

BER Harvesting
Power Ratio

Harvesting Power Ratio
Improvement α

Rx1 O 8.53× 10−8

7.87%

0.5

Rx2 1.59× 10−7

Rx1 (α) O 1.13× 10−7 0.59

Rx2 (α) 1.50× 10−7

In the third scenario, the distance of Rx1 and Rx2 from Tx was less than 1 m. Figures 10 and 11
show the SWIPT and WPT harvesting power, respectively, with and without α adjustment,
where α = 0.5 (the power allocation ratio) is preset for the case without optimization
adjustment. Convergence was reached after 350 iterations. Table 5 shows the harvesting
power ratio for the first group Rx1 (9, 8, 1 m) and Rx2 (3, 1, 1 m). It can seen that the
harvesting power ratio was increased by about 0.13% due to α adjustment. As long as
the minimum power harvesting requirement for Rx2 is achieved, the excess power can
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be efficiently allocated to Rx1 through α adjustment of the antenna gain during the field
adjustment process. Ultimately, the total power for Rx1 plus Rx2 is only slightly increased.

Table 4. Harvesting power ratios for Rx1 (6, 6, 1) and Rx2 (2, 5, 1).

BER Harvesting
Power Ratio

Harvesting Power Ratio
Improvement α

Rx1 O 5.74× 10−7

86.7%

0.5

Rx2 1.50× 10−7

Rx1 (α) O 1.20× 10−6 0.95

Rx2 (α) 1.50× 10−7
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Table 5. Harvesting power ratios for Rx1 (9, 8, 1) and Rx2 (3, 1, 1).

BER Harvesting
Power Ratio

Harvesting Power Ratio
Improvement α

Rx1 O 5.00× 10−8

0.13%

0.5

Rx2 1.87× 10−7

Rx1 (α) O 8.76× 10−8 0.63

Rx2 (α) 1.50× 10−7

Table 6 shows the harvesting power ratio for the second group, Rx1 (7, 8, 1 m) and Rx2
(2, 7, 1 m). It can be seen that the harvesting power ratio was increased by about 0.52% via
α adjustment. Note that the power collected by Rx1 before (α = 0.5) and after (α = 0.55) the
adjustment was similar. This is due to the fact that the antenna gains for Rx1 and Rx2 can
be adjusted during the α optimization process. Subsequently, by reducing the antenna gain
of Rx1, the algorithm can still meet the BER and minimum power harvesting requirement
constraints by increasing α, and the excess power can then be allocated to Rx2. For this
case, the total power of Rx1 plus Rx2 is increased by 0.52% compared with that of α = 0.5.

Table 6. Harvesting power ratios for Rx1 (7, 8, 1) and Rx2 (2, 7, 1).

BER Harvesting
Power Ratio

Harvesting Power Ratio
Improvement α

Rx1 O 5.00× 10−8

0.52%

0.5

Rx2 1.80× 10−7

Rx1 (α) O 5.02× 10−8 0.55

Rx2 (α) 1.81× 10−7

5. Conclusions

In this paper, the millimeter-wave frequency band of the future sixth-generation mobile
communication system is analyzed and presented. The impact of the actual environment on
the millimeter wave band is taken into account by the ray-bouncing tracking method, and
the frequency of 99–109 GHz is used for optimization analysis. The distance between the
transmitter and the SWIPT as well as WPT nodes is considered for our study. SWIPT nodes
need to consider the communication quality and the harvesting power simultaneously.
On the other hand, WPT nodes only need to consider the harvesting power. To satisfy
the bit error rate constraint—the basic power requirements for SWIPT nodes and WPT
nodes—a special objective function is employed, and it is ultimately solved the by Self-
Adaptive Dynamic Differential Evolution method. In summary, SWIPT can achieve basic
communication quality and, in the meantime, can maintain the minimum harvesting power
requirement by applying the multi-objective function algorithm. In the first scenario, the
improvement in efficiency by power-splitting adjustment is affected by the total distance.
Since the WPT can easily meet the constraint via SADDE with the designed objective
function at a closer total distance, the power-splitting improvement is only 2.6%, but the
improvement is 7.15% better at a greater total distance. Moreover, the second scenario’s
results show that when the WPT node is closer to the transmitter and the SWIPT node
is farther from transmitter, the total harvesting power can be improved by 7.87% in the
total long-distance case. However, the third scenario’s results show that when the SWIPT
node is placed closer to Tx, the total harvesting power can be improved by 86.7%. This is
due to the fact that when the total distance is lower than that in the second scenario, the
constraints are easy to achieve, and the power-splitting adjustment has more flexibility to
improve the total efficiency. Finally, the system efficiency is improved overall, while the
targeted bit error rate constraints can be met in all cases as well. However, our algorithm is
very time-consuming. We intend to modify and speed up the algorithm in the future.
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