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 A new approach for designing RF energy harvester with a single stage converter circuit is 
presented in this paper. The proposed converter configuration is integrated with an antenna 
that is based on the coplanar waveguide (CPW) transmission line with improved gain 
resonated at 2.45 frequency ISM band. The CPW patch antenna as a harvester antenna is 
designed in a rectangular shape that uses FR-4 substrate with a loss tangent and relative 
permittivity of 0.025 and 4.3 respectively. The output from the harvester antenna is 
connected to the converter circuit using only two Schottky diodes. The rectifier design 
achieves between 0.1% to 37% of RF-DC power conversion efficiency over the ambient RF 
input signal range from -20 dBm to 0 dBm and the antenna exhibits a directivity of 3.896 
dBi as well as a return loss of -48.85 dB. For an input power of 0 dBm, the proposed circuit 
can rectify an AC signal up to 6.09 V. Moreover, the proposed CPW antenna that is 
integrated with a converter circuit agrees for the harvesting of ambient electromagnetic 
energy to power low power electronic devices. 
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1. Introduction  

Advancements in energy harvesting from the environment or 
ambient have grown a lot of attention in recent years as ambient 
energy harvesting delivers a green self-sustainable operation for 
powering low power electronics devices [1–3]. This technology 
exploits energy from several sources from the environment, for 
example solar light, heat, vibration, thermal energy and 
electromagnetic waves [4, 5]. It has become an alternative for 
powering low power electronic devices instead of using a 
conventional method which is battery plug in mainly used in 
wireless sensor networks of the Internet of Things (IoT), wearable 
electronic devices and implantable biomedical devices[6–9].   

 Today, batteries remain the vital source to power up these 
system devices. Nevertheless, the method has various inherent 
disadvantages. For instance, the battery size and weight are huge, 
limitation of battery lifespan and also  requires more cost of battery 
replacement for these devices [8, 10–12]. To over come these 
drawbacks, engineers have exploited a new approach called energy 
harvesting , to extend the battery life and empower an autonomous 
manoeuvre of the IoT end nodes [13, 14]. The energy harvesting 
has rendered an attractive approach for energizing low power 
electronic devices [2, 15]. It empowers wireless charging, battery-
less and a reasonable alternative for supplying the wireless nodes 

even in cold, dark, and static environments without requiring 
power cables or battery replacement [14, 16–18].  

The past decade has seen an increase in the use of an ambient 
environment as the source of radio frequency (RF) energy 
harvesting.  This harvesting system is the most prominent of its 
accessibility and easy scavenging system compared to other 
sources. Other sources are far from human control as thermal 
energy requires heat, vibration needs motion while solar requires 
light present [19, 20]. This alternative approach used the concept 
of capturing the ambient power, including the wasted power that 
hovering in the surrounding environment without any distraction 
to the environment [21–23]. In contrast, the naturally low ambient 
RF energy can be significantly challenging. Also, it is easily 
carried or wear, especially when the RF energy harvester is 
combined with completely autonomous systems due to its low 
input power and voltage necessities [24, 25]. To overcome this 
issue, the Schottky diode has been commonly used for RF energy 
harvesting as it has a minimum threshold voltage and fast 
switching diode speed [10, 13].   

The RF energy harvesting system comprises an antenna that 
captures an RF incoming signal, a network that represents 
impedance matching for exploiting power transfer from the 
antenna and the rectifier or converter circuit. The rectifier circuit 
is a key component in the system block which determines the 
system efficiency. It converts the RF signal to DC voltage and 
stores the energy in holding load storage devices such as capacitor 
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and battery. Figure 1 illustrates the basic block diagram of energy 
harvesting structures. The following sections describe four main 
parts of this system. 

 
Figure 1: Block diagram of RF energy harvesting system [13] 

The major challenge in designing an ambient RF energy 
harvesting system is the requirement to operate with low power RF 
signals. The works published in [13,26,27] have achieved the 
maximum power conversion efficiency (PCE) of the rectifier at 
relatively high input power levels, which is above 5 dBm while the 
available ambient RF signals are much lower levels in the 
environment which are lower than -15 dBm. In order to reach high 
maximum PCE, multistage rectifier is the most commonly used 
technique among previous reseachers [28,29]. Nevertheless, the 
high power efficiency results from high input RF signals that are 
applied to the multistage rectifier. The circuit designed in [30] 
needs four stages in rectifier configuration for their circuit 
optimization when -15 dBm input power signal is applied. They 
observed that the number of stages does not help to improve 
efficiency for low power RF input signal. As the number of stages 
increases, the peak of the efficiency curve decreases toward higher 
powers. 

This paper is an expansion of work originally reported in 
Proceedings of the 2019 IEEE Asia-Pacific Conference on Applied 
Electromagnetics (APACE) [31]. In the previous work, a square 
patch antenna was designed and analysed with a matching 
converter circuit. In this proposed work, the antenna and the 
rectifier of the converter circuit have been enhanced for both parts. 
This work also highlights a single RF energy harvesting circuit that 
aims to convert the power within the 2.45 frequency band RF 
signal into usable DC supply. As compared with previous work 
[31], the gain of the enhancement antenna has been improved. 
Meanwhile, the ripple voltage of the output signal that occurred in 
previous work has been resolved with a new arrangement of 
components in converter circuit design. In the end, a novel RF 
energy harvesting system using only one stage converter circuit is 
presented which is able to harvest low input power signal. 

2. Harvesting Antenna Design 

An antenna is required in the receiving part for harvesting RF 
energy as it captures energy from ambient. The RF energy is then 
rectified and converted into DC voltage. The proposed harvesting 
antenna design as illustrated in Figure 2 is a rectangular patch 
antenna with co-planar waveguide feed. This arrangement is 
preferred due to its simple impedance matching and high circuit 
density on one layer. Besides, its active and passive elements are 
easy to integrate and it has low dispersion and low radiation loss. 
All these make the co-planar waveguide preferable for rectifying 
circuit design. 

The low-cost FR-4 substrate with a dielectric constant 𝜀𝜀𝑟𝑟 =
 4.3, tan δ = 0.025 and thickness of 1.6 mm are used for designing 

the proposed CPW antenna. The area of 30 × 38 mm2 where the 
width and length area calculated using equation (1) and (2) 
respectively. This antenna is excited by a feeding line of 50 Ω 
characteristic impedance with a width of 4.235 mm. Both gaps 
between the feeding line and the ground plane are g = 0.5 mm. The 
detailed geometry structure of the proposed antenna design after 
optimization is shown in Table 1.  

 
Figure 2: Geometry of the proposed antenna based on co-planar waveguide feed  

               𝑊𝑊 =  𝐶𝐶
2𝑓𝑓𝑟𝑟

� 2
𝜀𝜀𝑟𝑟+1

                                (1) 

 

                 𝐿𝐿 =  𝐶𝐶
2𝑓𝑓𝑟𝑟√𝜀𝜀𝑟𝑟

                                      (2) 

 

Table 1: The Proposed Antenna Parameters 

Parameter (mm) 
a 38.0 
b 30.0 
c 16.4 
d 11.0 
e 2.0 
f 6.0 
g 4.4 
h 6.0 
i 0.5 
j 17.0 
k 9.0 
l 4.0 

 
3. Converter Circuit Design 

In the RF energy harvesting system, a rectifier circuit is 
required for converting RF input energy into funtional DC energy. 
The rectifier that acts as a converter circuit converts the AC input 
signal from the RF source. AC to DC conversion is required for 
this system as the RF source is being received in the form of a sine 
wave signal. Hence, the RF source is represented by a sinusoidal 
voltage source Vs as depicted in Figure 3. The arrangement of 
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rectifier circuit contains three parts which are a matching network, 
a conversion circuit and a load. The converter circuit and the circuit 
components with parameters after optimization are shown in 
Figure 3 and Table 2 respectively. Two Schottky diodes of 
MBR0520L are used for the rectification process. The Schottky 
diode is preferred due to its attractive feature of low substrate 
losses and quick switching. Moreover, the Schottky diode has a 
high sensitivity to the very small ambient signal. 

 
Figure 3: The proposed RF harvesting converter circuit using Schottky connected 

diodes 

For simulation study, Vs is connected to the converter circuit 
in a sinusoidal source that represents an RF energy harvester from 
the receiving antenna. The antenna port impedance represented by 
internal resistance, Rs is set to 50 Ω. In this circuit topology, the 
matching circuit is simply constructed using capacitor C1 and 
inductor L1. This matching circuit is required to match their 
impedances between the receiving antenna and converter circuit 
where a good matching network will allow a maximum power 
transfer between them. The vital part in this harvesting circuit is 
the conversion where it rectifies RF input signal to DC signal.  
Both Schottky diodes and inductor L2 are needed for this circuit to 
convert AC to DC signal. In this circuit design, the capacitor C2 is 
important in order to eliminate ripple DC voltage that occurs at the 
output terminal. After the DC signal is passed through the DC 
bypass filter, then it appears as a useable voltage across the load, 
RL. 

Table 2: Circuit Components and Parameters 

Components Value Unit 
Rs 50 Ω 
L1 33 nH 
L2 3 nH 
C1 1 pF 
C2 33 uF 
RL 100 kΩ 

The circuit analysis examines the constant input ac voltage 
with low amplitude sinusoidal voltage and it is separated into four 
operating modes for each cycle. 

 
Mode 1: During the positive half input cycle, the inductor, L 

and capacitor, C1 are charged by the sinusoidal voltage source. 
Both D1 and D2 are in OFF state. The load, RL is feed by the 
energy stored in the C2 that acts as a filter capacitor.   

Mode 2: The mode starts when VC1 = VIN - VL > VOUT, where 
Diode D2 is switched to ON state. The capacitor C2 is energized. 
All the energy stored in L1 and C1 during Mode 1 is fed to the load. 

The saturated current of inductor, L1 and capacitor, C1 drops 
linearly. The changing state of D2 influence the loss during this 
mode. 

Mode 3: This mode happens as VIN = VC1 + VL2 > VOUT, D2 is 
switched to ON state. As capacitor C2 is energizing, the energy 
stored in L2 and C1 during Mode 3 is transferred to the load. The 
changing state of D1 influences the loss during this mode. 

Mode 4: When VC1 and VL1 + VC1 > VOUT,  the diodes, D1 and 
D2 are switched to ON state. The load is driven by the energy 
stored in L1 and C1 as they transferred to the load through L2 and 
C2. 

4. Results and Discussion 

The simulation results are discussed in two parts; the receiving 
antenna and the converter circuit design.  

4.1. Receiving Antenna  

The receiving antenna design has been simulated using CST 
Microwave Studio Software. Before connecting to the converter 
circuit, the proposed CPW antenna is analysed separately by 
evaluating the S-parameters. This is to ensure the performance of 
the proposed antenna achieve a good return loss with perfect 
matching impedance (≈ 50 Ω) and better gain compared to 
previous work. Figure 4 indicates the simulation result for return 
loss, S11 is -48.85 dB at 2.4976 GHz resonating frequency. The 
operating bandwidth of 309 MHz in the range between 2.3618 to 
2.707 GHz, covers the IEEE 802.11 standard in the 2.45 GHz 
wireless ISM band. Matching impedance is approximate to 50 Ω 
while VSWR is 1.007 as shown in Figure 5 and Figure 6 
respectively. Since the value of VSWR is under 2, the proposed 
antenna is worth mentioning that it has a good match and is 
applicable for most antenna applications. 

 
Figure 4: Return loss simulation result of proposed CPW antenna 

 
Figure 5: Line impedance at 2.4976 resonant frequency  

 
Figure 6: Voltage standing wave ratio (VSWR) for the CPW antenna 
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The good values of S11 and VSWR are insufficient to prove an 
antenna has good radiation. Antenna gain is one of the key 
elements that needs to be considered in antenna design as it is an 
essential metric. The gain of an antenna highlights how much 
transmitted power in the direction of peak directivity to that of 
radiation energy. The simulated far-field radiation pattern can be 
observed in Figure 7 where it shows the gain and the 3-D forward 
directional pattern of the proposed CPW antenna. The gain of this 
antenna is 3.896 dBi and it is better compared to previous work 
[31] which is less than 1 dBi.  

 
Figure 7: Simulated 3-D radiation pattern of CPW antenna 

 
Figure 8: Simulated 2-D radiation pattern 

Figure 8 indicates the main and side lobes of the proposed 
antenna. From this simulated 2-D radiation pattern figure, it 
indicates that the dipole antenna has an elevation plane beamwidth 
of 88.8 degrees. Since all metal patches of the substrate for this 
proposed CPW antenna are designed on one side, the antenna 
radiates in both front and back directions. 

4.2. Converter Circuit 

To determine the harvested voltage and current, LTSpice 
software is used to simulate the converter circuit.  The output 
voltage and current for 0 dBm input power are depicted in Figure 
9. From this output, it shows that both output current and voltage 
are simultaneously harvested to 6.09 V and 0.06 mA respectively. 
In this work, the ripple output voltage is successfully eliminated as 
compared to previous work that had large ripple voltage [31].  

Equation (3) is the RF to DC power conversion efficiency 
(PCE) which is defined as the ratio of the DC power PDC and the 

RF power PRF, where PDC is the dc power produced at the load 
resistance while PRF is the power received by the antenna. 

 
Figure 9: The output voltage and current obtained from the converter circuit for  

0 dBm RF input power 

 %100
P
P%

RF

DC ×=η  (3) 

Table 3 shows the output voltage and the PCE for every 
single input power level. Both the output voltage and efficiency 
of the circuit are increased as the input power varies from -20 dBm 
to 0 dBm. As seen in Figure 10, the DC output voltage exceeds 
6.09 V with 37.0% efficiency when the input power is 0 dBm. 
Hence, the energy stored in capacitor C2 is 100.5 µJ. 

Table 3: The output voltage and PCE with respect to five different input power 
levels 

Input Power  
(dBm) 

Output Voltage 
(V) 

PCE 
(%) 

-20 0.02 0.1 
-15 0.12 0.5 
-10 0.52 2.7 
-5 1.85 10.9 
0 6.09 37.0 

 

 
Figure 10: The output voltages with respect to different input power level 

4.3. S-Parameter Analysis 

The antenna and the converter circuit are matched to 
maximize the stored energy. Results from S-parameter are used to 
analyze the signal performance of the converter circuit regarding 
the difference in circuit component value. Figure 11 shows the 
connection between the CPW antenna and the converter circuit by 
using CST Microwave Studio integrated with CST Design Studio. 
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Figure 11: The integrated of the proposed CPW antenna and converter circuit 

The result of the S-parameter for the proposed antenna 
integrated with the converter circuit is simulated by using CST 
Design Studio as illustrated in Figure 12. The results for both 
return loss, |S11| = 0.197 and transfer coefficient |S21| = 0.4 at 
2.4659 GHz frequency are good since the magnitude value of |S11| 
and |S21| are ideal to be close to 0.1 and 1 respectively. 

 
Figure 12: The circuit return loss |S11| and transfer coefficient |S21| 

4.4. Comparison with Previous Work 

Table 4 summarizes a distinction between the proposed study 
and previous researchers' work based on rectifier used. Since the 
incident power can never be 0 dBm for 900 MHz and 2.45 GHz 
ISM band, the comparison is made up of input power between -
15 dBm to -20 dBm. As observed at the input power level of -15 
dBm, this work provides a low cost antenna substract with lower 
PCE compared to [32]. However, the load resistance in [32] is 10 
times greater than this work, which contributes large power 
efficiency. In terms of the PCE, this proposed work indicates the 
lowest performance as compared to the same type of rectifier used 
in [7] and [33]. Nevertheless, the output voltage in this work is 

not much different compared to both of them. Meanwhile, 
reference [24] shows the second highest power conversion 
effiency among other work, but the load resistance used is also 
high, which is 5 times greater than this work. Besides, the 
proposed circuits in [16] and [24] are much more costly since they 
use 10 cascoded and 10 stages of CMOS respectively. The power 
efficiency in this proposed work needs to be optimized to give 
higher efficiency. This can be done by optimizing the impedance 
matching between the antenna and the rectifier circuit. Moreover, 
diode characteristics need to be considered since this work uses 
only non-zero bias diode which degrades the power efficiency. 
Besides, the influence of saturation current of schottky diode to 
output voltage needs to be investigated. 

5. Conclusion 

In this work, a coplanar waveguide antenna with a gain of 
3.896 dBi at the resonated frequency of 2.4976 GHz is analyzed 
for RF energy harvesting applications. A setup has been employed 
here to study the behaviour of the co-planar waveguide antenna 
integrated with two Schottky diodes in converter circuit design. 
Our proposed design has returned very satisfactory results that are 
applicable for the 2.45 GHz ISM band. The proposed converter 
circuit specifies the input power can be rectified up to 6.09 V DC 
signal with power conversion efficiency of 37% and energy of 
100.5 µJ for input power of 0 dBm. The findings indicated that a 
sinusoidal RF incoming signal can be converted to a smooth DC 
voltage using a proposed RF energy harvesting circuit for 
powering wireless sensor nodes. For future improvements, 
matching impedance, diode characteristics and saturation current 
are essential for improving power efficiency.  
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