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Abstract: In this paper, three different deployment antenna arrays with circular, triangular and
rectangular shapes were used to optimize the simultaneous wireless information and power transfer
(SWIPT) system for the Internet of Things (IoT). Ray-tracing was employed to channel the model
for a real environment. Self-adaptive dynamic differential evolution (SADDE) was used to optimize
the harvesting power ratio with bit error rate constrained by the two different resolutions of feed
length (high resolution and low resolution). Numerical results show that those three antenna arrays
can achieve the goal for information quality in both resolutions. The harvesting power ratio for
the circular array is the best and the harvesting power ratio for the rectangular array is the worst.
The harvesting power ratio for the low-resolution case is 25% lower than the high-resolution case.
However, the circular antenna array is the best deployment in those three different arrays for both
high and low resolutions.

Keywords: simultaneous wireless information and power transfer (SWIPT); millimeter wave (mm-
Wave); ray-tracing; bit error rate (BER); Internet of Things (IoT)

1. Introduction

Millimeter wave (mm-Wave) communication is very promising in terms of high data
rate and it is being studied as a key 5G technology to accommodate the expansion of the
Internet of Things (IoT) [1-7]. Because of their smaller wavelength, massive antennas can
be deployed in the limited space at the mm-Wave. Nevertheless, this does cause serious
path loss and shadow fading at mm-Wave. The technique of beamforming by antenna
array was used to solve those problems at the mm-Wave in recent years. In IEEE 802.11ad,
the codebook was set in the protocol for quick pairing and eventually it was extended to a
5G technology application. In addition to the fixed pattern of the codebook, it can also be
adjusted by the algorithm for beamforming according to the environment [8,9].

In IoT applications, numerous smart devices were deployed in mm-Wave worldwide
for wireless communication. Among them, some devices use low-power design and power
harvesting is considered as a solution for providing a perpetual and effective energy supply.
As a result, the wireless powered transfer (WPT) and the simultaneous wireless information
and power transfer (SWIPT) have been widely investigated in recent years [10-18]. In [19],
the coverage analysis for energy-harvesting by unmanned aerial vehicle cellular networks
at millimeter-wave communication was investigated. The authors in [20] developed a
framework to study the security, reliability and energy coverage performance of downlink
mm-Wave simultaneous wireless information and power transfer unmanned aerial vehicle
(UAV) networks. In [21], the authors used the Nakagami fading channel to analyze energy
harvesting performance in low-power devices powered by a mm-Wave cellular network.
The problem of hybrid beamforming designed with the low-resolution phase shifter was
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investigated in [22]. In ref. [23], the optimal analytic solution with the signal-to-interference
plus noise ratio (SINR) constraint was presented for narrow band signal. The authors
in [24] addressed the energy efficiency (EE) optimization problem for the SWIPT multiple-
input-multiple-output broadcast channel.

However, most papers have only dealt with the optimal analytic solution with some
constraints for the narrow band signal and considered the stochastic channel in their
analysis. Different adjustments in terms of feed length and the deployment of different
antenna array shapes have not yet been simultaneously investigated in the literature with
regard to SWIPT systems. In this paper, three different wide-band antenna arrays with
variable resolutions were used to generate the array pattern for some simple IoT sensors. We
optimized the power harvesting efficiency under the constraint of the BER by self-adaptive
dynamic differential evolution (SADDE).

The system model and the deployment of antenna arrays are presented in Section 2.
Section 3 explains the SADDE and the objective function. In Section 4, numerical results for
three different deployment cases with high resolution and low-resolution feed length by
evolution algorithm are presented. The system quality and harvesting power are compared.
Conclusions are given in Section 5.

2. System Model

For the environment channel model, the ray-tracing method was used to compute the
path loss and environment effect at the mm-Wave communication. The frequency response
can be expressed as

H(f) = Y0 il f)e) (1)

where N is the number of the total path, f is the frequency, i is the path index of the ray.
«; is the i-th receiving magnitude which includes the intensity and the phase information.
ph(f) is the phase shift according to the time delay with the contribution of frequency. The
time domain impulse response of the equivalent baseband can be obtained by the inverse
Fourier transform and can be expressed as follows:

ney = [ H(p)e g @

where h(t) is the impulse response. For the SWIPT system, the power-splitting with the
splitting ratio 0.5 is used. The architecture is shown in Figure 1. Here, the energy harvester
and information decoder are behind the energy splitter.

Energy
Harvester
Energy
Splitter
Information
Decoder

Figure 1. The spitting architecture for the SWIPT system.

The wireless harvested power is modeled as

HP =g /jo h(t)2dt 3)



Electronics 2022, 11, 19

30f12

where 7 is the portion of RF signals utilized for power gathering. The information decoder
quality BER is used to investigate the inter-symbol-interference in our SWIPT system and it
is computed as the following formula [8,9]:

BER =Y P<§s> -%erfc {V(t\z(‘jm-(ds)] @)

whereerfc(x) = ﬁ [ ¢~V dy is the complementary error function and { ds} = {dy,dy,...ds}
is the binary sequence.

The array factor is used to compute the array equivalent pattern and the relationship
of the coordinate is shown in Figure 2.
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Figure 2. The spitting architecture for the SWIPT system.

According to Figure 2, we can express the array factor as

M
AF(G, szf) _ Z Wnejka[sin@sin@ncos(¢—¢,,)+cos€,,cos@] (5)

n=1

where 6 polar angle and azimuthal angle ¢ are the spherical coordinates system. a is the
distance from the origin to the antenna position. 8, and ¢, are the spherical coordinates
of the transmitting antenna. M is the total number of antennas in the antenna array. k is
the wavenumber (k = T, A is the wavelength). The adjustment of the phase delay and
antenna power can be expressed as

W,, = Le/Pm(f) (6)

where D,,(f) and I, are the excitation current and the phase delay, respectively. The
relation between feed length and Dy, (f) can be expressed as

Du(f) = —@\/E-én ?)

where ¢, is the relative permittivity of the feed line and ¢, is the feed length of the transmis-
sion line which can be used to adjust the phase delay. c is the light speed.

3. Evolution Algorithm

SADDE was developed from the dynamic differential evolution (DDE) [25]. This
added some mechanism to dynamically change the adjustment factor during the search.
Figure 3 shows the SADDE algorithm flowchart.
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Figure 3. SADDE flow chart.

Step 1. In the first step, we randomly initiate the parameter of the population for the
antenna array. There are d dimensional adjustment parameters in each population.

Step 2. According to the p-th population’s parameters, calculate the objective function
value and update the best value of the population.

Step 3. Mutate the trial vector based on the control vector and adjust the control vector for
the next generation.

Step 4. By the presetting probability, decide whether the crossover mechanism is needed to
start. If starting the mechanism, we compare the crossover objective value with the former
objective value. Step 5. Update the position of the global best population.

Step 6. According to the total number of populations and the number of generations, go to
step 2 or stop operating the algorithm.

In order to handle two different requirements at the same time, we designed two ob-
jectives for optimization by algorithms and we should solve the unit inconsistent problem.
One objective is the BER and the other is the total harvesting power. Since the BER usually
have a minimum quality requirement, we can divide the minimum limitation of BER by
the required BER to solve the inconsistency of the unit. The different objective can be
optimized into one objective function. The BERy with the BER constrained condition of
1072 is defined as
o> ,BER>107°

8
1 ,BER<107° ®

BERy = {
The total power harvesting can be expressed as

M
HPr =Y "% HP, )
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where My is the total number of receivers in the environment. The multiple objective
function is:
1/(BERw x HPr) (10)

4. Numerical Results

The office environment is shown in Figure 4. We take the mm-Wave system of fre-
quencies ranging from 39 to 40 GHz and used the ray tracing technique to compute the
environment channel. There are three receivers (Rx1, Rx2, Rx3) and one transmitter (Tx) in
the office. We then consider two kinds of nodes for SWIPT and WPT. The Rx1 uses 50%
power-splitting for information decoding and harvests the half power with 60% power
efficiency. The WPT nodes Rx2 and Rx3 can harvest 100% power at 60% power efficiency.
The transmitter uses three different deployments as shown in Figure 5. Each antenna array
has three layers with a vertical distance of A/2. Additionally, each layer has 16 antennas.
The unit of the antenna uses the wideband dipole antenna with a A/2 distance separated at
least. In other words, there are 48 antennas for each deployment. The transmission power
to the noise at receiver (SNR_T) is set to 33 dB. For the feed length adjustment, we use
SADDE to optimize the objective function and set the total iteration to 500. The population
size is 60 and the adjustment parameter is 48 for each antenna array. Note that the low
resolution of feed lengths only has four phases with 0o, 900, 1800, 2700.
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Figure 5. Three different antenna array deployments: (a) circular; (b) triangular; and (c) rectangular.
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Figure 6 shows the total harvesting power ratio by high resolution feed length for
different deployments. The harvesting power ratio is based on the harvesting power
under the zero phase of a circular array. It can be seen that the circular array has the best
harvesting power ratio and the convergence speed. The harvesting power ratio for the
triangular deployment is better than that for the rectangular deployment. However, the
convergence speed of the triangular deployment is the slowest. For the low-resolution
feed length, the harvesting power ratio for the circular, triangular and rectangular antenna
array is shown in Figure 7. Compared to the high resolution, the harvesting power ratios
are all decreased by approximately 30% and have a slow convergence speed for all three
different deployments. Then, we compare the criterion for BER. In Figure 8, we can see
that the BER constraint for high-resolution feed length adjustment is satisfied no matter
what the deployments are. It can be seen that the BER and harvesting power are both
almost converged after 400 iterations. In the low resolution, as shown in Figure 9, it seems
that the optimization for the BER is still good. According to the results, it is clear that the
objective function shown in Equation (10) is useful for different layouts of the antenna array.
Additionally, it does prove that the different deployments do affect the final harvesting
power ratio.
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Figure 6. Harvesting power ratios with different deployments with high resolution.
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Figure 7. Harvesting power ratios for different deployments with low resolution.
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Figure 8. BER for different deployments with high resolution.
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Figure 9. BER for different deployments with low resolution.

Figure 10 illustrates the optimized pattern with different resolutions for the circular
array. Figure 10a shows the pattern focused on Rx1, Rx2 and Rx3 for the high-resolution
case—where the gain for Rx3 is the largest and the gain for Rx1 is smallest. This is because
Rx3 is closest to the transmitter in the environment and Rx1 has split the power for SWIPT.
The pattern gains are similar at the three receivers in Figure 10b for the low-resolution
case. It can be seen that the harvesting power with low resolution is less than with high
resolution. Figure 11 displays the pattern for the triangular array. The pattern can be
focused on three receivers, as shown in Figure 10, but the total harvesting power ratio
is less than that for the circular array. The optimized pattern for the rectangular array
is depicted in Figure 12. Figure 12a shows that the pattern cannot simultaneously be
focused on three receivers—even in the high-resolution case. The rectangular deployment
has the worst harvesting power ratio, though it does reach the BER constraint. For the
low-resolution case, optimization has found the local solution instead of the global solution,
as shown in Figure 12b, in which the pattern is focused on Rx2. Note that Rx3 is close to the
transmitter. As a result, the pattern is not the best solution. Figures 13-18 are the harvesting
power ratios at Rx1, Rx2 and Rx3 for the circular, triangular and rectangular with the
high- and low-resolution cases, respectively. By comparing Figures 13-15, the harvesting
power of Rx3 is the largest for the three arrays. Moreover, the harvesting power of Rx2 for
the circular array is larger than those of the other two arrays. The circular array and the
triangular array can be focused on three receivers. However, the rectangular array can only
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be focused on two receivers. From Figures 16-18, we can see that the largest harvesting
power ratio is Rx3 for the circular and triangular array. However, for the rectangular array,
the worst harvesting power ratio is Rx3 while the largest harvesting power ratio is Rx2. In
conclusion, the circular array and triangular array are more efficient than the rectangular
array. From those numerical results, we can see that the deployment shapes can affect the
adjustment and the low-resolution beamforming will increase difficulty in the optimization.
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Figure 10. Radiation pattern for the circular array: (a) high resolution; and (b) low resolution.
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Figure 11. Radiation pattern for the triangular array: (a) high resolution; and (b) low resolution.
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Figure 15. Harvesting power ratios for the high-resolution rectangular array.
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Figure 17. Harvesting power ratios for the low-resolution triangular array.
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Figure 18. Harvesting power ratios for the low-resolution rectangular array.

5. Conclusions

In this paper, we compared three different deployments and two different resolution
adjustments to optimize the harvesting power and information quality for the SWIPT
system at the mm-Wave in a real environment. We applied SADDE to optimize the three
different deployments of the antenna array. In the SWIPT system, we not only used BER
for information quality, but we also used the energy harvester for harvesting power. The
high-resolution adjustment can converge faster than the low resolution, in addition to
achieving better a harvesting power ratio. In addition, three antenna arrays can achieve
the goal for information quality in both resolutions, but the harvesting power ratio may
decrease by approximately 25% due to the difficulty of adjustment for the low-resolution
case. Numerical results show that the circular array has the largest harvesting power ratio
for both the high- and low-resolution cases. Thus, the circular antenna array is the best
deployment in this environment due to its uniform characteristic deployment. Although
the deployment shape and environment may affect the results, our proposed multiple
objective function was proven to be good for SWIPT optimization.
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