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 Radio frequency (RF) energy harvesting systems are enabling new evolution 
towards charging low energy wireless devices, especially wireless sensor 
networks (WSN). This evolution is sparked by the development of low-
energy micro-controller units (MCU). This article presents a practical 
multiple input multiple output (MIMO) RF energy-harvesting platform for 
WSN. The RF energy is sourced from a dedicated access point (AP). The 
sensor node is equipped with multiple antennas with diverse frequency 
responses. Moreover, the platform allows for simultaneous information and 
energy transfer without sacrificing system duplexity, unlike time-switching 
RF harvesting systems where data is transmitted only for a portion of the 
total transmission duty cycle, or power-splitting systems where the power 
difference between the information signal (IS) and energy signal (ES) is 
neglected. The proposed platform addresses the gap between those two. 
Furthermore, system simulation and two energy scheduling methods between 
AP and sensor node (SN) are presented, namely, Continuous power stream 
(CPS) and intermittent power stream (IPS).  
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1. INTRODUCTION 

Radio frequency (RF) power transfer has recently received a great deal of interest in the research 
arena as a consequence of a massive proliferation in the number of low power connected nodes, especially in 
wireless sensor networks (WSN) [1]. RF energy harvesting represents a genuine opportunity for replacing 
huge batteries [2], [3], which are not just expensive to produce and discard but also limit the lifetime of a 
sensor node [4]. Furthermore, when a sensor is operating in harsh environments, the battery life could be very 
much less than the expected lifetime due to the limited linear operating range of such batteries [5], [6]. RF 
power transfer (RF-PT) enables an access point (AP) to send energy wirelessly to a sensor node (SN). An AP 
has unbounded power, for example, connected to the grid, or has massive, stored energy, for example, 
harvests energy from the sun or other high-power sources. RF-PT is not a new concept, as Tesla [7] 
conducted experiments of the earliest wireless energy transfer system almost a century ago [8], with an 
ambition of realizing global energy to replace the traditional power lines. However, due to the safety 
concerns of the high transmission power adopted by Tesla [7], the field of RF energy harvesting (EH) had 
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lost interest for quite some time. Until recently, where it gained attention again as a consequence of the 
development in microcontroller units (MCU)s, such developments make it possible to produce MCUs with 
high computing power, low energy consumption, and very small size, which enables it to be embedded in 
almost anything. 

In today’s grueling competition, businesses encounter evolving needs to improve their operational 
efficiency. Furthermore, companies need to achieve their financial objectives while complying with the 
regulatory body’s recommendations in terms of environmental regulations. Current automation systems are 
achieved through wired architectures. However, realizing such automation systems involves costly wire 
networks, requiring regular maintenance [9]. Hence the implementation of wired automation systems is very 
limited in industrial plants. Consequently, there is an imperative necessity for wireless automation systems, 
which are not only cost-effective but also convenient and easy to operate and integrate into larger systems. 
The realization of low-cost automation solutions by embedding small sensors on the industrial machinery 
become feasible due to the current advancements in the field of WSN and MCUs. In WSN, small size sensors 
are embedded in industrial machinery or equipment [10]. These sensors collect critical information related to 
the operation of this equipment [11], such as temperature, humidity, pressure, voltage, and sometimes 
radiation levels in nuclear reactors. The collected data are then sent to an access point or a sink for analysis 
and decision-making on a timely basis [12]. Hence, catastrophic breakdowns of the equipment can be 
avoided, which may otherwise cause expensive replacement and repair costs, or in worst scenarios, may 
result in personal injury. 

The main advantages of WSN over wired sensor networks in industrial monitoring systems are easy 
deployments and communication flexibility [13], which allows changing network architecture rapidly. 
Accordingly, WSN plays an essential role in establishing self-sustaining reliable industrial networks. One of 
the current main challenges in WSN is sustainability [14]. Due to the increasing number of WSN nodes and 
their ever-shrinking size, powering them through traditional methods is inherently expensive and infeasible. 
The solution to the sustainability problem is to enable SNs to harvest energy [15]-[17]. Numerous energy 
harvesting methods for WSN have been presented in the literature, including: photovoltaic, piezoelectric, and 
RF energy harvesting [18]. However, considering the indoor nature of industrial plants and critical quality of 
service (QoS) requirements, only a controllable energy source can be adapted, for instance, an RF power 
transmitter. In RF power networks, an AP with a relatively unlimited power connection transmits energy and 
information signal (IS) to the SNs. The energy signal is used to power the SN, while the IS is used to send 
instructions to the sensor. The SN requires proper scheduling to receive energy and information on the same 
RF resources simultaneously. Two practical RF-EH scheduling methods have been proposed in the literature, 
namely, power splitting (PS) and time switching (TS) [19]. However, both methods do not consider the 
different power requirements of decoding a signal and powering an SN. Moreover, TS is half-duplex.  

The contribution of this paper is the proposition of a dynamic switching architecture with multiple 
input multiple output (MIMO) antenna rack with various spectrum response support, which allows 
simultaneous information and energy communication over different frequency bands. The proposed 
architecture considers the massive power gap between the energy signal (ES) and information signal (IS). 
Furthermore, two scheduling methods are presented,  

The rest of the article is arranged as follows: section two, RF energy harvester switching methods. 
In section three, a MIMO RF energy switching architecture for industrial platforms is presented. In section 
four, system simulation is presented. In section five, Energy and Information scheduling are presented, and 
finally, section six concludes the paper. 
 
 
2. RF ENERGY HARVESTER SWITCHING METHODS 
2.1. Power splitting 

In power splitting, the received power is split into two streams, one stream for the information 
decoding and the other for energy harvesting. The signal is divided according to a preselected power ratio 𝜌𝜌 
for the information decoder and (1 − 𝜌𝜌) for the Energy harvester [20], [21], as shown in Figure 1. PS does 
not require any special circuitry at the transmission side, implying that most of the legacy systems can be 
used as a transmitter. 

The power and information rate can be balanced by varying 𝜌𝜌 according to the system requirements. 
Thus, the performance of the system is determined by the power splitting ratio. The harvested energy at a PS 
system with transmitting source 𝑎𝑎 and receiver 𝑏𝑏 can be expressed as follows: 

 
𝑃𝑃𝑏𝑏 = 𝜂𝜂𝑃𝑃𝑎𝑎|ℎ𝑎𝑎𝑏𝑏|2(1− 𝜌𝜌) (1) 

 
where ℎ𝑎𝑎𝑏𝑏 is the channel matrix between transmitter and receiver, and 𝜂𝜂 is the conversion efficiency of the 
energy harvester. Furthermore, the information rate of the receiver can be expressed as (2). 
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𝑅𝑅𝑏𝑏 = 𝑤𝑤 log(1 + (𝜌𝜌)𝑃𝑃𝑎𝑎|ℎ𝑎𝑎𝑎𝑎|2

σ2
) (2) 

 
Where σ2 is the receiver power noise and 𝑤𝑤 is the physical spectrum. No signal processing noise is 
considered.  

Theoretically, PS offers the best balance between transferred RF energy and information rate [22]. 
However, PS architecture completely overlooks the difference between information decoding and powering 
SN in terms of power requirements. For instance, information is usually sent just above the noise threshold of 
the intended receiver, around -120 dBm [23]. While a modern MCU intended for low power applications 
such as Texas instruments MSP430F247 MCU requires a minimum power of 0 dBm [24]. 
 
2.2.  Time switching 

A time switching (TS) architecture shares the same spectrum resource between EH and information 
processing (IP) circuitry. A TS architecture comprises of information decoder, RF energy harvester, and a 
time switcher to alternate between system states [25]. Thus, at any given point in time, the system can only 
be at one state, either IP or EH. Moreover, as any system that uses time as a scheduling technique, the TS 
requires very strict time synchronization to schedule between energy and information. When the receiver 𝑏𝑏 is 
in EH state, the amount of harvested energy can be expressed as (3). 

 
𝑃𝑃𝑏𝑏 = 𝜂𝜂𝑃𝑃𝑎𝑎|ℎ𝑎𝑎𝑏𝑏|2         (3) 

 
Where 𝜂𝜂 is the EH efficiency of the receiver and, 𝑃𝑃𝑎𝑎 is the transmission power of source 𝑎𝑎. Likewise, when 
the receiver is switched to the IP state, the information decoding rate can be computed using the (4) [15]. 
 

𝑅𝑅𝑏𝑏 = 𝑤𝑤 log(1 + 𝑃𝑃𝑎𝑎|ℎ𝑎𝑎𝑎𝑎|2

σ2
)        (4) 

 
Furthermore, the TS sequence and duty cycle of each state can be varied because of changing power 

constraints and channel statistics. Hence, different optimization objectives depending on the required QoS 
can be achieved. Despite TS being the simplest form of RF EH switching, the system can only receive 
information for a portion of the total transmission duty cycle. In other words, TS is a half-duplex system [26]. 
As shown in Figure 2, the system can only perform Information processing or energy harvesting at any 
specific point in time. 
 
 

  
 

Figure 1. Power splitting receiver architecture 
 

Figure 2. Time switching receiver architecture 
 
 
3. SYSTEM MODEL 

The proposed MIMO RF energy harvesting architecture for WSN platforms, as shown in Figure 3, 
consists of an AP with dynamic power allocation (DPA), depicted in Figure 4. The output power at the AP is 
varied depending on whether the transmitted signal is ES or IS. For example, the receiver can sense signals 
just above the noise level, as low as -120 dBm. So, the transmission power of 20 dBm is enough, especially 
in an indoor environment where the receiver is less than 100  meters away from the transmitter. While for 
ES, a transmission power 1000 folds higher is required. On the other hand, the SN node consists of a receiver 
with multiple antenna components, as depicted in Figure 5. Each component can receive energy or 
information depending on the exchanged channel state ranking; the details of the system scheduling are 
discussed in section five. 
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Figure 3. System architecture for EH industrial platform 

 
Figure 4. AP transmitter design 

 
 
 

 
 

Figure 5. SN receiver design 
 
 

The system exists in an indoor environment with just outer walls, for example, a manufacturing 
environment where the AP and SN are stationary or moving in a very limited axis. In such an environment, 
there exists a continuous line of sight (LOS) between the SN and AP. The received signal at the SN could be 
expressed as (5) [27]. 

 
𝑠𝑠𝑟𝑟𝑟𝑟 = ∑ ∫ ℎ𝑚𝑚𝑟𝑟(𝜏𝜏, 𝑡𝑡)𝑠𝑠𝑡𝑡𝑚𝑚(𝑡𝑡 − 𝜏𝜏)𝑑𝑑𝜏𝜏∞

−∞
𝑁𝑁𝑡𝑡
𝑟𝑟=1       (5) 

 
Where ℎ𝑚𝑚𝑟𝑟 is the channel impulse response between the AP and SN, 𝑡𝑡 the time changing channel,  𝑁𝑁𝑡𝑡 is the 
number of transmit antennas, 𝜏𝜏 is the time delay caused by multipath and, 𝑠𝑠𝑡𝑡𝑚𝑚 is the transmitted signal. 
Moreover, in a MIMO system, there are two categories of received signal components: LOS component 
without delay, and multipath components with a varying delay depending on the traveled path. This can be 
expressed mathematically as (6). 
 

𝑠𝑠𝑟𝑟𝑟𝑟(𝑡𝑡) =
𝑠𝑠𝑡𝑡𝑡𝑡(𝑡𝑡−𝑡𝑡𝑡𝑡𝑚𝑚0)

2√𝜋𝜋 𝑟𝑟𝑡𝑡𝑚𝑚0
 + ∑ 𝑠𝑠𝑡𝑡𝑡𝑡(𝑡𝑡−𝜏𝜏𝑡𝑡𝑚𝑚𝑚𝑚) Γ𝑚𝑚(𝑚𝑚,𝑟𝑟)

2√𝜋𝜋 𝑟𝑟𝑡𝑡𝑚𝑚𝑚𝑚

𝑁𝑁𝑚𝑚(𝑚𝑚,𝑟𝑟)
𝑝𝑝=0     (6) 

 
The 𝑟𝑟𝑚𝑚𝑟𝑟𝑝𝑝 stands for path length,  Γ𝑝𝑝 reflection coefficient, and 𝑝𝑝 stands for the path. Each antenna 

component at the receiver side has a specific and relatively high stopband attenuation. Thus, the channel 
matrix only contains the links between the antennas with the same spectrum. Furthermore, providing that all 
the components have different frequency responses and considering only LOS (due to the short distance 
between the AP and SN) than, the channel matrix becomes one column vector. 

 

𝐻𝐻 = �
ℎ11
⋮

ℎ𝑚𝑚𝑟𝑟

�  
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The received signal without multipath components can be expressed as (7). 
 

∑ ∑ 𝑠𝑠𝑡𝑡𝑡𝑡
2√𝜋𝜋𝑟𝑟𝑡𝑡𝑚𝑚

   𝑀𝑀𝑡𝑡
𝑚𝑚=0

𝑁𝑁𝑟𝑟
𝑟𝑟=0   (7) 

 
A thorough analysis of the capacity of MIMO systems can be found in [28]. 
 
 
4. SYSTEM SIMULATION  

A downlink simulation is carried out to evaluate an RF-powered SN using [29]. A transmission 
power of 100 mW is considered for the IS. While for the power signal, a transmission power of 10 watts is 
considered, 100 times higher than that of the IS. Moreover, the DPA allocates different power levels to the 
ES and IS, while PS and TS architectures allocate the same power level to information and power signals as 
depicted in Figure 6. For PS and TS architectures to achieve equivalent DPA level of power transmission, 
they have to transmit a high-power modulated wave that occupies a wide bandwidth, which may introduce 
serious interference to the nearby wireless systems. The rest of the simulation parameters are listed in  
Table 1. The peak to average power ratio (PAPR) of the signals is depicted in Figure 7, showing a high 
difference in PAPR levels due to the huge difference in the transmission power. Traditionality, a high PAPR 
is unwelcomed in wireless communications. However, in the case of sending a power signal, which is not 
carrying any information, the higher the transmission power, the better. Thus, if one is using multiple 
carriers, the higher the PAPR, so it is wise to use as few carriers as possible for energy signal. In Figure 8, the 
BER of the IS is depicted over different SNR values. One hundred points along those SNR values are 
simulated, and the average BER for 900 frames for each point is shown in the figure. In Figure 9. the 
throughput for the IS is shown using the simulation values stated in Table 1. 
 
 

 
 

Figure 6. The PSD for IS and ES 
 
 

Table 1 Simulation parameters 
Simulation parameters Value 

Carrier central frequency  2.5Ghz 
Number of simulated frames 900 
Number symbols per frame 15  
Information signal bandwidth  (15 × 103 × 60) 𝐾𝐾𝐻𝐻𝐾𝐾 
Energy signal bandwidth  (15 × 103 × 12) 𝐾𝐾𝐻𝐻𝐾𝐾 
Modulation type  QPSK 
Information signal Tx power  20𝑑𝑑𝑑𝑑𝑑𝑑 
Energy signal Tx power  40𝑑𝑑𝑑𝑑𝑑𝑑 
Number of AP antennas 2 
Number of SN antennas 2 
Channel coding  Turbo codes 
Decoding algorithm, decoding Iterations  Linear-Log-MAP, 8 
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Figure 7. The beak to average ratio of the information signal and power signals 
 
 

 
 

Figure 8. BER of the Information signal 
 
 

 
 

Figure 9. Throughput of the information signal 
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5. ENERGY AND INFORMATION SCHEDULING  
In this section, two scheduling methods are introduced, namely the continuous power stream (CPS) 

and the intermittent power stream (IPS). In CPS, the AP continuously transmits power; in other words, a 
constant power flow exists between AP and SN. In this scheduling method, the AP initially sends a 
broadband signal to the SNs to report their existence. Next, AP sends the spectrum resource allocation for EH 
and IP to the SN. To perform resource allocation, the AP could rely on a predetermined resource repository, 
or it may implement a dynamic spectrum database, for example, Google spectrum database. 

Furthermore, CPS scheduling is easy to implement and requires stationary AP and SN. The initial 
broadband signal sent by the AP in CPS is a short unmodulated high-power sinewave. When the SN receives 
the signal, it will passively modulate it with its medium access address (MAC) and backscatter [30] the 
modulated signal to the AP. Moreover, the process of adding a new SN to the system could be automatic, 
meaning AP checks the present SNs following time frame, for example, update every 30 seconds. 
Alternatively, the SNs can be added physically by triggering the node-addition process manually. 

In IPS, the power is sent following an intermittent style; in this case, there is no continuous power 
stream between AP and SN. the power is sent only based on demand. The process of initiation of the 
network, as well as the addition of new nodes, is like CPS. After initiation, the AP charges all the new nodes 
for some instance 𝜏𝜏𝑖𝑖 .  The discrete nature of IPS necessitates having information about the energy level at the 
SN in order to know when to send or not to send energy. Accordingly, In IPS, the energy reservoir status 
(ERS) at the SN is obtained in two ways. The first way is by attaching the ERS (A-ERS) to every packet sent 
from SN to AP. Thus, whenever the ERS is under a specific threshold, the AP starts transmitting power to 
recharge the SN for a time instance of 𝜏𝜏𝑟𝑟𝑟𝑟. The second way is to dedicate a small fraction of the spectrum 
resource to an energy request flag (ERF). The dedicated ERF (D-ERF) is sent by the SN when the ERS 
declines under a specific level. Moreover, when the AP receives the ERF signal, it will automatically start 
transmitting energy to SN again for time instance of 𝜏𝜏𝑟𝑟𝑟𝑟 as shown in Figure 10. Which IPS method to select 
is mainly depends on the energy reservoir size and the frequency of information transmission from SN to AP. 
For example, if the transmission at the SN is very frequent, then adopting A-ERS introduces redundancy 
which increases with the data rate, in such an event, it is wise to implement D-ERF. The flow graph of both 
CPS and IPS scheduling methods is illustrated in Figure 11 (see Appendix). Finally, an essential point, which 
is not covered in this article is overload protection of the SN’s IP part. Because of the vast power difference 
between the IP and EH, it is very crucial to develop a protection solution to prevent overloading, which could 
damage the SN. 
 
 

  
(a) (b) 

 
Figure 10. Power scheduling methods for (a) IPS, (b) CPS 

 
 
6. CONCLUSION 

RF energy harvesting presents a great opportunity for the future of wireless networks. Mainly WSN, 
where the number of network nodes is very high, and nodes are diversely scattered in the coverage zone. 
Providing electricity for such nodes in a conventional way will become prohibitively expensive as the 
number of nodes increase. A considerable amount of research has been done on ways to harvest RF energy. 
Different Scheduling algorithms for IP and EH are proposed in the literature. The scheduling methods can be 
mainly divided into TS and PS. The TS switches between EH and IP temporally, thus, sending information 
only half of the time. While the PS, in theory, splits the received signal between IP and EH circuitry without 
considering the different power requirements between the two circuitries. This article presents a MIMO IP 
and EH system with frequency diversity and dynamic power allocation support. The system allows wireless 
nodes to receive information and energy at the same time. Furthermore, two scheduling methods for power 
transmission, from the AP to SN, are discussed, namely CPS and IPS.  
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APPENDIX 
 

 
 

Figure 11. Energy scheduling flowgraph for IPS and CPS 
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