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Abstract—Traditional batteryless radio frequency energy 

harvesting systems are promising for realizing low-cost Internet of 

Things devices. However, due to variations in the received power, 

such systems suffer from unpredictable charging time, which can be 

critical for multi-node communication or in controlling the system's 

throughput. This paper presents a batteryless RF energy harvester 

that provides a predictable charging time which is resilient to 

changes in input RF power, improving system uncertainty. The 

proposed system is fabricated using commercially available discrete 

parts to power an MSP430F5594 microcontroller and a CC1352R 

wireless transceiver. The maximum variation in the measured 

charging time of the proposed system is only 1.5 seconds as the RF 

input power is swept from -4 dBm to +9 dBm. The maximum 

variation in the measured charging time for a traditional energy 

harvester under the same conditions is 17.3 seconds. 
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I. INTRODUCTION  

Low-power electronics with small footprints have enabled 
the creation of IoT devices for various applications, such as 
infrastructure health, home automation, and monitoring [1]. 
Most IoT devices require digital control, processing via a 
microcontroller, and wireless communication, which leads to a 
relatively high energy requirement [2]. Therefore, most IoT 
devices rely on a dedicated battery. Given the incredible growth 
of IoT devices, however, batteries are becoming problematic 
due to their cost, size, and increased maintenance requirements 
[3]. To address the problem of battery cost and maintenance, an 
RF energy harvester can be used to trickle charge the battery [4], 
but this does not solve the issues of size and weight. The next 
step to make these systems more economical is to use an external 
energy source, like a dedicated RF energy transmitter/harvester, 
and eliminate the battery altogether [5]–[7]. 

 Researchers in recent years have investigated batteryless 
sensor nodes as an alternative to traditional battery-powered IoT 
devices [1]–[3]. However, the absence of a battery presents 
unique challenges, such as limitations in energy density and 
vulnerability to variations in the energy source [4]. Prior studies 
have focused on implementing dynamic energy storage options 
[2]. Nonetheless, relying solely on an RF energy harvester is 
unlikely to provide sufficient energy for continuous operation. 
Instead, a batteryless device can intermittently operate by 
utilizing energy accumulated on a storage element 

A primary challenge with this type of intermittent operation 
occurs when building networks of these devices that must 
communicate with one another. A simple case can be illustrated 
by the communication between two intermittently operating 

nodes. As shown in Fig. 1(a), the two nodes must be ON 
simultaneously for effective communication. The time it takes a 
single node to fully charge, and turn on, is inversely proportional 
to the RF power that is incident on the energy harvester. 
Unfortunately, differences in path loss, shadowing, and other 
environmental effects, will result in variations in RF power 
received by the energy harvester [5]. Consequently, without 
some form of control, the two nodes will eventually lose 
synchronization, as depicted in Fig. 1(b). 

Several methods have been proposed to address 
synchronization and enhance communication performance in 
batteryless networks. For example, Deep et al. [9] proposed a 
synchronization protocol based on rendezvous points, which 
requires software intervention and is prone to clock errors [6], 
[7]. Backscatter communication protocols have also gained 
attention, where devices transmit packets only when sufficient 
energy is available [8]. In [13] and [14], connection protocols 
were proposed that rely on a bootstrapping mechanism during 
initial contact to tackle synchronization issues. While promising, 
these systems require continuous power to keep the 
microcontroller in sleep mode, ultimately resulting in a depleted 
energy due to insufficient replenishing energy. 

 
(a) 

(b) 
 

Fig. 1. Two nodes synchronization for (a) uncontrollable off-time, (b) 

controllable off-time 
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Maintaining synchronization in intermittently operating 
networks remains a fundamental challenge due to variations  
in RF power incident on the energy harvester, which is directly 
coupled with the charging time. To address this issue, the 
proposed system consists of an RF-to-DC converter, a DC 
regulator, and a constant off-time circuit. The constant off-time 
circuit makes the charging time robust against input power 
variations, resulting in more predictable communication and 
synchronization. The RF-to-DC converter's sensitivity and 
efficiency have been extensively studied and optimized in the 
literature [11]–[13]. Moreover, the DC regulator is composed of 
readily available components that are frequently utilized in 
energy harvesting applications [14]–[16]. This paper presents a 
constant off-time circuit, which enables the system to operate 
with a constant and predictable charging time, independent of 
variation in input RF power levels given a minimum input 
threshold. The effectiveness of the proposed system is 
demonstrated by supplying a node consisting of a 
microcontroller and wireless transmitter from a wireless power 
transmitter operating at 915 MHz. 

II. SYNCHRONIZATION IN BATTERYLESS DEVICES 
Before we present the proposed constant off-time circuit, we 

investigate the relationship between the variation in the off-time, 
referred to as 𝑇𝑜𝑓𝑓 , and the ability of two nodes to remain 

synchronized in a system-level simulation. This simulation will 
provide a better understanding of the effect of variations in  𝑇𝑜𝑓𝑓  

on synchronization. We assumed that each node has a constant 
on-time, 𝑇𝑜𝑛, and a randomly varying off-time. The variation in 
the off-time of each node, 𝜎𝑂𝑓𝑓 , was modeled discretely as a 

random walk, with each step being a random number sampled 
from a Gaussian distribution centered on the mean off-time. The 
variation in the off-time was then normalized by the constant on-
time, and we defined two nodes, 𝑖  and 𝑗 , as remaining 
synchronized if the following condition is met: 

 |𝜎𝑂𝑓𝑓(𝑖) − 𝜎𝑂𝑓𝑓(𝑗)| ≤ Ton  (1) 

A total of 100 node pairs were simulated with 𝑇𝑜𝑛(𝑖) =
 𝑇𝑜𝑛(𝑗) = 30 ms, which is the time required for a node to boot 

and ensure a communication packet [17], and the fraction of 
node-pairs that remained in synchronization after ten complete 
charging cycles is shown in Fig. 2. Assuming that all nodes are 
in sync at the very first charging cycle, 𝜎𝑂𝑓𝑓(𝑖) = 𝜎𝑂𝑓𝑓(𝑗) = 0, It 

is seen in Fig. 2 that for variations in the off-time of less than 
10% of the on-time, approximately 100% of the node-pairs 
remained synchronized after 10 charging cycles. As the 

variation in charging time worsens, however, the number of 
node-pairs remaining synchronized begins to fall, with 40% 
variation with respect to the on-time resulting in less than 20% 
of the node-pairs remaining synchronized. 

III. RF TO DC CONVERTER 

A transmitter with 3 W EIRP and operating in the 915 MHz 

ISM-band is used as the dedicated wireless energy source. The 

AC power received from this transmitter is converted into DC 

power by the RF to DC converter. The power received by 

rectifier 𝑃𝑅𝐹  can be estimated using Friis transmission equation 

[18]: 

 𝑃𝑅𝐹 = (
𝜆

4𝜋𝐷
)

2

𝑃𝑇𝐺𝑇𝐺𝑅   (2) 

where 𝜆 is the wavelength, 𝐷 is the separation distance between 
the transmitter and the receiving antenna, and 𝐺 is the antenna's 
gain. The subscripts 𝑇 and 𝑅  denote the transmitter and the 
receiver, respectively. The antenna is connected to a single-stage 
Dickson multiplier [19] using an RF matching network, Fig 4. 
The efficiency of the rectifier is a function of the input RF power 
and the load impedance; therefore, the rectifier was designed for 
0 dBm input power and the optimal load was found to be 2.2 𝑘Ω. 
At optimal load, the rectifier's DC output is 0.72V, translating to 
25% efficiency. Further improvement in efficiency will increase 
the charging current. However, the efficiency of the rectifier is 
not a factor in the variation of the charging time. 

IV. CONSTANT OFF-TIME CIRCUIT AND DC REGULATOR 

A. Constant Off-Time Charger: 

The circuit schematic of the constant off-time charger is 

shown in Fig. 5. Initially, the switch is open, and the load is not 

connected to the constant off-time circuit. A constant current, 

𝐼𝐶ℎ𝑔, is used to charge the primary energy storage capacitor, 

𝐶𝐵𝑢𝑓 . Assuming that 𝐼𝐶ℎ𝑔  is constant, then the voltage drops 

across the capacitor 𝑉𝐶𝐴𝑃  is given as: 

 𝑉𝐶𝐴𝑃(𝑡) =
𝐼𝐶ℎ𝑔

𝐶𝐵𝑢𝑓
𝑡 (3) 

A comparator with hysteresis is used to monitor the 

capacitor voltage, and when 𝑉𝐶𝐴𝑃  reaches a predetermined 

maximum level, the switch is closed, thereby allowing the load 

to consume the energy stored in the capacitor 𝐶𝐵𝑢𝑓. As the load 

draws energy from the capacitor, 𝑉𝐶𝐴𝑃  is discharged. When 

𝑉𝐶𝐴𝑃  reaches a predetermined minimum value, the switch is 

opened, and the load is once again disconnected from the 

energy source. The voltages for which the switch changes state 
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Fig. 3. Block diagram of the proposed energy harvester with constant off-

time charger 

 
Fig. 4.  Schematics for RF-DC converter 
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Fig. 2. Fraction of 100 node-pairs that remained synchronized after 10 

complete charging cycles versus variation in the off-time, normalize to a 
constant on-time of 30 msec  
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are expressed by the equations of the hysteretic non-inverting 

comparator: 

 𝑉𝑜𝑛 = 𝑉𝑅𝐸𝐹 (1 +
𝑅3

𝑅4
) (4) 

 𝑉𝑜𝑓𝑓 = 𝑉𝑅𝐸𝐹 (1 +
𝑅3

𝑅4
) − 𝑉𝐷𝐶 (

𝑅3

𝑅4
) (5) 

where 𝑉𝑅𝐸𝐹  is a reference voltage, expressed as: 

 𝑉𝑅𝐸𝐹 = 𝑉𝐷𝐶 (
𝑅2

𝑅1+ 𝑅2
) (6) 

A voltage divider is used to set 𝑉𝑅𝐸𝐹  to ensure flexibility in 

choosing 𝑉𝑜𝑛  and 𝑉𝑜𝑓𝑓 . The above equations assume that the 

comparator has a rail-to-rail output and that the comparator is 

powered from 𝑉𝐷𝐶, as shown in Fig. 5.  
A constant off-time is achieved by controlling the values of 

𝑉𝑜𝑛 and 𝑉𝑜𝑓𝑓, and can be expressed using (3) as: 

 𝑇𝑜𝑓𝑓 =
𝐶𝐵𝑢𝑓

𝐼𝐶ℎ𝑔
(𝑉𝑜𝑛 − 𝑉𝑜𝑓𝑓) (7) 

In addition to achieving a constant off-time, using a constant 
current source offers two benefits: 1) It eliminates the 
dependence of  𝑇𝑂𝑓𝑓  on RF input power, which is common in 

conventional wireless energy harvesting systems; and 2) It 
restricts the current flowing into the energy storage capacitor to 
a level that the RF-to-DC converter can handle. 

B. DC regulator 

The DC regulator circuit sits between the RF-to-DC 
converter, as shown in Fig. 4, and the constant off-time circuit, 
shown in Fig. 5. The DC regulator is essential for several 
reasons. First, the DC regulator is required to efficiently step up 
the low output voltage of the RF-to-DC converter to power the 
constant off-time circuit. The supply voltage of the constant off-
time circuit must be able to handle the maximum voltage stored 
on 𝑉𝐶𝐴𝑃  in addition to the voltage overhead of the constant 
current source. A low minimum startup voltage is desirable for 
improving the system's sensitivity. Second, the DC regulator 
should also present the optimal load impedance to the RF-to-DC 
converter for achieving maximum power conversion efficiency. 
Finally, the DC regulator provides a well regulated 𝑉𝐷𝐶 to the 
constant off-time circuit. The importance of this can be seen by 
substituting (4) and (5) into (7) and rewriting the expression for 
𝑇𝑂𝑓𝑓  as: 

 𝑇𝑂𝑓𝑓 = (
𝐶𝐵𝑢𝑓

𝐼𝐶ℎ𝑔
) (

𝑅3

𝑅4
) 𝑉𝐷𝐶 (8) 

From (8), we see that 𝑇𝑂𝑓𝑓  is directly proportional to 𝑉𝐷𝐶 . 

Therefore, to ensure low variations in 𝑇𝑜𝑓𝑓 , 𝑉𝐷𝐶 should be well 

regulated. 

V. MEASURMENT RESULTS AND COMPARISON 

A. Implementation 

 The proposed system was realized using commercially 
available discrete components. The load is a sensor node that 
consists of a MSP430F5594 microcontroller connected to a 
CC1352R wireless transceiver. Upon power-up, the 
microcontroller is programmed to turn on the CC1352R wireless 
transceiver, which send a packet every 5 msec until the available 
energy is consumed. The microcontroller will turn on when 
𝑉𝐶𝐴𝑃 = 3.3  V, and will remain in operation until 𝑉𝐶𝐴𝑃  has 
discharged to 3.0 V. The typical on-time for this sensor node is 
approximately 30 msec, which includes the boot-up time of the 

microcontroller and the wireless radio and the time for 
transmission of one or two data packets.  

The size of the energy storage capacitor depends on the 

amount of energy that is required by the sensor node as 

described by the following equation: 

 𝐶𝐵𝑢𝑓 =
2𝐸

𝑉𝑜𝑛
2 −𝑉𝑜𝑓𝑓

2  (9) 

where 𝐸 is energy in J, and 𝑉𝑜𝑛 and 𝑉𝑜𝑓𝑓 are the maximum 

and minimum supply voltages the sensor node requires. It was 
experimentally determined that the sensor node under 
consideration requires a minimum of 500 𝜇 J, requiring a 
minimum capacitance of so 529 𝜇F. A final value of 𝐶𝐵𝑢𝑓𝑓 = 1 

mF was chosen. The energy storage capacitor is charged using 
an LM334 from Texas Instruments. The LM334 is an adjustable 
current source, capable of sourcing a minimum of 10 𝜇A, and 
requires only 1 V of voltage overhead. 

The DC regulator was realized using two separate 
components, the BQ25504 battery charger IC [20], and the 
TPS61094 buck/boost converter, both from Texas Instruments. 
The BQ25504 was chosen for its low startup voltage of 600 mV 
and its ability to provide the optimum loading of 2.2 kΩ to the 
RF-to-DC converter through its maximum point power tracking 
(MPPT) functionality. One drawback of the BQ25504 is a 
substantial ripple in the output voltage due to the periodic 
sampling required for the MPPT. The large ripple is fixed by 
using the TPS61094 [21] to provide a well-regulated voltage of 
4.5 V to the constant off-time circuit. A photograph of the final 
system is shown in Fig. 6(a). 

VI. MEASURMENT RESULTS AND COMPARISON 
With 𝐶𝐵𝑢𝑓𝑓 = 1  mF, and 𝐼𝐶ℎ𝑔 = 10 𝜇 A, an external data 

logger was used to record the off-time of the sensor node for 80 
minutes. An RF signal generator was used to power the system 
through the RF-to-DC converter directly, and the input power 
was swept from -4 dBm to +9 dBm in 10-minute increments. 
For comparison, the same tests were also conducted using two 
different energy harvester systems: the so-called Baseline 
system presented in [2], and the P2110 energy harvester from 
PowerCast Corp. [22]. Both systems were used to power the 
same MSP430F5594 microcontroller connected to a CC1352R 
wireless transceiver, as the proposed system.  

The measured off-time for all three systems is plotted vs. 
time in Fig. 6(b). As seen in Fig. 6(b), the measured off-time of 
the Baseline system and the P2110 both experience extremely 
large variations in the off-time with increasing RF input power. 
The proposed system, on the other hand, is relatively stable with 
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Fig. 5.  Schematics for constant charging time circuit. 𝑉𝑜𝑢𝑡 is the final 

output which is connected to micro controller 



an average off-time of approximately 37 sec. It should be 
mentioned that the minimum RF input power required for 
operation is -4 dBm for the proposed the proposed system, but 
is -8 dBm and -10 dBm for the Baseline system and the P2110, 
respectively. 

To quantify the performance of each system over RF input 
power, we have developed the following figure of merit. We 
define the mean off-time, 𝑚𝑂𝑓𝑓  in milliseconds, as an array of 

the mean off-times at each different input power level, 𝑃𝑖 . This 
is expressed as: 

 𝑚𝑂𝑓𝑓 = [𝜇𝑂𝑓𝑓(𝑃1), 𝜇𝑂𝑓𝑓(𝑃2), … , 𝜇𝑂𝑓𝑓(𝑃𝑖)] (10) 

now, using (9) we define the figure of merit as: 

  𝐹𝑜𝑀 =
max(𝑚𝑂𝑓𝑓)−min(𝑚𝑂𝑓𝑓)

max(𝑃𝑅𝐹)−min(𝑃𝑅𝐹)
 (11) 

where 𝑃𝑅𝐹  is the input RF power expressed in dBm. This FoM 
was applied to each of the three systems and is shown in Table 
I. Also shown in Table I are the operating supply voltages, and 
the minimum RF input power required for operation, referred to 
as the sensitivity.  

The off-time can be reduced in the proposed system by 
increasing the charging current, 𝐼𝐶ℎ𝑔. To demonstrate this, the 

above experiment was repeated on the proposed constant off-
time circuit for 𝐼𝐶ℎ𝑔 = 10 𝜇𝐴 , 100 𝜇𝐴, and 200 𝜇A. For the 

case of 𝐼𝐶ℎ𝑔 = 200 𝜇𝐴, the off-time is approximately 1.6 sec. 

This decreased off-time, however, comes at the cost of an 
increase in the minimum required RF input power. While the 

system operates all the way down to -4 dBm when 𝐼𝐶ℎ𝑔 =
10 𝜇𝐴, the minimum required RF input power increases to +4 
dBm when 𝐼𝐶ℎ𝑔 = 200 𝜇𝐴. Table II lists the efficiency of each 

component of the system at different charging rate. It is apparent 
that the overall system efficiency is dominated by the efficiency 
of the rectifier, followed by the efficiency of the BQ25504 IC 
with is performing lower than specification in the datasheet. 

Finally, we demonstrate the performance of the proposed 
system operating in a truly wireless environment. The 
TX91501b Powercaster transmitter [23] is used for the wireless 
power transmitter. It operates at 915 MHz with 3 W EIRP, and 
was placed 2.75 meters away from the sensor node. The sensor 
node used a simple monopole antenna, tuned for operating at 
915 MHz. The charging current was set to 10 𝜇A, and the off-
time was measured for 150 complete charge/discharge cycles. 
The measured off-time is shown in Fig. 7. The mean off-time is 
37.8 ms with a standard deviation of 175 ms, or only 0.46%. 

VII. CONCLUSION AND FUTURE WORK 
In this paper, we have presented an energy harvester that 

provides a constant off-time, with very little variation across a 
wide range of RF input power. Unlike the conventional RF 
energy harvester, the proposed energy harvester provides 
precise control of off-time given a minimum threshold input 
power level. Future work will focus on improving the overall 
sensitivity of the system and establishing a mechanism to taking 
advantage of any excess received power.  
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