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Abstract— In this research article, the design and fabrication 

of a miniaturized flexible rectifier at 24 GHz for wireless power 

transfer to wearables is presented. The proposed circuit consists 

of a shunt topology rectifier including a single stub impedance 

matching network. Conventional PCB fabrication technique is 

used for the prototyping of the proposed flexible rectifier. It has 

a total footprint of 5.29 cm2. The proposed rectifier exhibits a 

good trade-off between compactness and RF-to-DC conversion 

efficiency. The implementation on a very thin substrate (130 µm) 

makes it durable for wearables applications. Experimental 

results of the proposed rectifier show an output DC voltage of 

2.0 V across an optimal load resistance of 250 Ω and measured 
RF-DC conversion efficiency of 23% for an input power of 17 

dBm at 24 GHz. 

Keywords— Millimetre-waves, Rectifiers, Rectennas, Wireless 

Power Transfer 

 

I. INTRODUCTION  

Far-field wireless power transmission (WPT) technology 
have gained significant attention due to its potential 
applications for wearables and Internet-of-Things (IoT)  
[1]-[2]. A compact and efficient rectifier circuit is the major 
requirement for an effective wireless power transfer system 
[2]. Nowadays most of the research efforts [3]-[12] are 
focused on the miniaturization and enhancement the 
performance of the antennas for improving the RF-DC 
conversion efficiency, specifically for flexible substrate 
materials [13]-[18]. 

Fig. 1 shows a simple block diagram of a rectifier circuit. 
The constituent components are the input impedance 
matching network (IMN), rectifying diode, output DC filter 
and the DC load resistor. There are only a handful research 
articles available in published literature on flexible rectifiers 
at 24 GHz. A flexible ink-jet printed rectifier circuit was 
published in [19] for wearable IoT applications. A flexible 
liquid crystal polymer substrate was used for fabrication. It 

shows an output voltage of 2.5 V with an input power of 18 
dBm at 24 GHz. In [20]-[21], they were presented a paper 
substrate based rectenna design at 24 GHz for RFID 
applications using ink-jet printing technology. The size of this 
rectenna design was 0.75 cm × 1.3 cm for 24.15 GHz. It shows 
an RF-DC conversion efficiency of 32.5% with an input 
power of 15 dBm. A flexible RF energy harvester was 
presented in [22] using hybrid printed technology for energy 
harvesting applications. It generates an output voltage of  
2.9 V with an RF-DC conversion efficiency of  
20 % at 7 dBm of input power.  

 
 

 
 
 

Fig 1. Block Diagram of a Rectifier Circuit 

 
 

 
Fig 2. Rectifier circuit in Shunt topology. 
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This research work presents the design, optimization, and 
fabrication of a miniaturized flexible rectifier for WPT 
applications to wearable IoT devices. The rectifier was 
fabricated on a Rogers 3003 substrate with thickness of  
0.13 mm, εr = 3 and tan δ = 0.001. To verify the performance 
of the proposed rectifier, the multimetre was used to measure 
the output power of the proposed rectifier, for different input 
RF power ranging from 0 dBm to 20 dBm. The measurement 
result shows an efficiency of the proposed rectifier of 23% at 

24 GHz, while the proposed rectifier had an input power of 17 
dBm at 24 GHz. 

II. DESIGN AND SIMULATIONS 

In this research article a compact flexible as well as 
efficient rectifier based on simple shunt configuration has 
been designed and optimized to get maximum performance 
and compactness. RF-DC conversion efficiency is the main 
metric for performance evaluation of rectifiers circuits and is 
defined as: 
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P

P
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Where 𝜂  represents the RF-DC conversion efficiency, 𝑃𝑜𝑢𝑡  is the output power in DC, and 𝑃𝑖𝑛 is the input RF power. 

Fig 2 shows the schematic of the proposed rectifier circuit in 
shunt configuration. Simulation and optimization of the 
proposed rectifier were carried out in Advanced Design 
System (ADS). To get the maximum RF-DC conversion 
efficiency, special attention was paid to optimize these two 
design parameters 1) impedance matching network, and 2) 
load resistance. An extensive set of simulations using ADS 
were carried to choose the most optimum compactness and 
efficiency of the proposed rectifier. MACOM MA4E2054A 
Schottky diode is used in simulations as well as fabrication of 
proposed rectifier. Flexibility of proposed rectifier was 
achieved with the help a very thin substrate material having 
thickness of just 0.13 mm. 

The ADS circuit schematic and layout of the proposed 
flexible rectifier in shunt topology are shown in Fig 3 and Fig 
4 respectively. Fig 5 depicts the simulated RF-DC conversion 
efficiency of proposed rectifiers across different load 
resistances as a function of input power. It gives a maximum 
simulated RF-DC conversion efficiency of 26% with an input 
power and DC load resistance of 14 dBm and 250 Ω 
respectively, at 24 GHz frequency. 

III. MEASUREMENT AND DISCUSSION 

After successfully achieving the most optimum simulated 
results of proposed rectifier, the next step is the fabrication of 

 
 

Fig 3. ADS Schematic of the proposed rectifier circuit 

 

Fig 4. ADS layout of the proposed rectifier circuit 
 
 
 

 
 

Fig 5. Simulated RF-DC conversion eefficiency of proposed 
rectifier as a function of input power across different DC load 
resistance. 
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a prototype for results validation. Rogers 3003 substrate 
material with thickness 0.13 mm was used to fabricate the 
proposed flexible rectifier. Fig 6 shows the fabricated 
rectifier prototype. 2.4 mm field replaceable connectors were 
used to connect the rectifier circuit to a signal generator, 
outputting an RF signal at 24 GHz. The output voltages of 
the rectifiers were measured across a 250 Ω DC load 
resistance, using a multimetre, for different input RF power 
ranging from 0 dBm to 20 dBm. Fig 7 shows the measured 
output voltage across the load resistance of the proposed 
flexible rectifier. Fig 8 shows the comparison between the 
measured and simulated RF-DC conversion efficiency as a 
function of the RF input power. There is some inconsistency 
between the simulated and measured RF-DC conversion 
efficiency as the input power increases. This can be explained 
by detuning of the input matching network, losses due to the 
coax-to-microstrip transition, as well as general 
manufacturing tolerances. 

IV. CONCLUSION 

In this proposed work, the design and implementation of 
a miniaturized as well as efficient flexible rectifier circuit 

based on simple shunt configuration has been presented for 
wireless power transfer applications in wearable Internet-of-
Things. The performance of the proposed flexible rectifier 
circuit has been verified experimentally. It gives an output 
voltage and measured RF-DC conversion efficiency of more 
than 2.0 V and 23% respectively for an input power of 17 
dBm at 24 GHz. The proposed compact and flexible rectifier 
could find numerous applications in the field of WPT to 
wearable IoT devices. 
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Fig 7 Measured voltages across the load resistance of proposed flexible 
rectifier  

 

 Fig 8 Measured RF-DC conversion efficiency of proposed flexible rectifier 
as a function of input power 
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Fig. 6 Fabricated Prototypes a). top view and b) perspective view 

 

2
3

 m
m

23 mm

Southwest microwave end 

launch connector 2.4mm

Roger 3003 

substrate with

thickness of 0.13 mm



[2] Q. Zhang, J. Ou, Z. Wu and H. Tan, “Novel microwave rectifier 
optimizing method and its application in rectenna designs,” in IEEE 
Access, vol. 6, pp. 53557-53565, 2018. 

[3] G. Savvides et al., “3D Rapid-Prototyped 21-31-GHz Hollow SIWs for 
Low-Cost 5G IoT and Robotic Applications,” IEEE Access, vol. 9, pp. 
11750-11760, 2021. 

[4] K. Phaebua, N. Chudpooti, S. Kittiwittayapong, T. Lertwiriyaprapa, D. 
Torrungrueng and H. -T. Chou, “One-Sixteenth Spherical 
Homogeneous Dielectric Lens Antenna Using Partially Reflective 
Surface for Size Reduction and High-Gain Radiation,” IEEE Antennas 
and Wireless Propagation Letters, vol. 20, no. 2, pp. 184-188, Feb. 
2021. 

[5] N. Chudpooti, S. Praesomboon, N. Duangrit, N. Somjit and P. 
Akkaraekthalin, “An X-band Portable 3D-printed Lens Antenna with 
Integrated Waveguide Feed for Microwave Imaging,” 2019 PhotonIcs 
& Electromagnetics Research Symposium - Spring (PIERS-Spring), 
2019, pp. 487-492. 

[6] B. T. Malik et al., “Flexible Rectennas for Wireless Power Transfer to 
Wearable Sensors at 24 GHz,” 2019 Research, Invention, and 
Innovation Congress (RI2C), 2019, pp. 1-5. 

[7] N. Chudpooti, N. Duangrit and P. Akkaraekthalin, “A Miniaturized 
Planar Sensor Using Minkowski Fractal Technique for Material 
Characterization,” 2019 16th International Conference on Electrical 
Engineering/Electronics, Computer, Telecommunications and 
Information Technology (ECTI-CON), 2019, pp. 756-759. 

[8] N. Chudpooti, N. Duangrit, P. Akkaraekthalin, I. D. Robertson and  
N. Somjit, “Electronics-Based Free-Space Terahertz Measurement 
Using Hemispherical Lens Antennas,” IEEE Access, vol. 7, pp. 95536-
95546, 2019. 

[9] N. Chudpooti, N. Duangrit, P. Akkaraekthalin, I. D. Robertson and  
N. Somjit, “220-320 GHz Hemispherical Lens Antennas Using Digital 
Light Processed Photopolymers,” IEEE Access, vol. 7, pp. 12283-
12290, 2019. 

[10] P. Moeikham, N. Chudpooti and P. Akkaraekthalin, “A printed UWB 
antenna using embedded slits for 3.5/5.5 GHz band notching,” 2016 
International Symposium on Antennas and Propagation (ISAP), 2016, 
pp. 1086-1087. 

[11] N. Chudpooti, P. Sangpet, S. Chudpooti, D. Torrungrueng and P. 
Akkaraekthalin, “A Dual Polarized Microstrip Patch Antenna Gain 
Enhancement Using Low-Cost Partially Reflective Surface,” 2021 36th 
International Technical Conference on Circuits/Systems, Computers 
and Communications (ITC-CSCC), 2021, pp. 1-4. 

[12] W. Thaiwirot, P. Sangpet and P. Akkarakethalin, “A flower-shaped 
stub slot antenna with dual band-notched characteristics for UWB 

applications,” 2017 International Symposium on Antennas and 
Propagation (ISAP), 2017, pp. 1-2. 

[13] S. Ladan, A. B. Guntupalli and K. Wu, “A High-Efficiency 24 GHz 
Rectenna Development Towards Millimeter-Wave Energy Harvesting 
and Wireless Power Transmission,” in IEEE Transactions on Circuits 
and Systems I: Regular Papers, vol. 61, no. 12, pp. 3358-3366, Dec. 
2014. 

[14] S. Ladan, S. Hemour and K. Wu, “Towards millimeter-wave high-
efficiency rectification for wireless energy harvesting,” in Proc. of the 
2013 IEEE International Wireless Symposium (IWS), Apr. 2018, 
Beijing, China , pp. 1-4. 

[15] F. Huang, C. Lee, C. Chang, L. Chen, T. Yo and C. Luo, “Rectenna 
application of miniaturized implantable antenna design for triple-band 
biotelemetry communication,” in IEEE Transactions on Antennas and 
Propagation, vol. 59, no. 7, pp. 2646-2653, Jul. 2011. 

[16] B. Tiwari et al., “Oxide TFT rectifiers on flexible substrates operating 
at NFC frequency range,” in IEEE Journal of the Electron Devices 
Society, vol. 7, pp. 329-334, Feb. 2019. 

[17] C. Xu, X. Liu and Z. Li, “Miniaturized implantable rectenna for far-
field wireless power transfer,” in Proc. of the 2020 9th Asia-Pacific 
Conference on Antennas and Propagation (APCAP), Aug. 2020, 
Xiamen, China, pp. 1-2.  

[18] A. Eid, J. G. D. Hester, J. Costantine, Y. Tawk, A. H. Ramadan and M. 
M. Tentzeris, “A compact source–load agnostic flexible rectenna 
topology for IoT devices,” in IEEE Transactions on Antennas and 
Propagation, vol. 68, no. 4, pp. 2621-2629, Apr. 2020. 

[19] J. Bito et al., “Millimeter-wave ink-jet printed RF energy harvester for 
next generation flexible electronics,” in Proc. of the 2017 IEEE 
Wireless Power Transfer Conference (WPTC), May 2017, Taipei, 
Taiwan, pp. 1-4. 

[20] S. Daskalakis, J. Kimionis, J. Hester, A. Collado, M. M. Tentzeris and 
A. Georgiadis, “Inkjet printed 24 GHz rectenna on paper for millimeter 
wave identification and wireless power transfer applications,” in Proc. 
of the 2017 IEEE MTT-S International Microwave Workshop Series on 
Advanced Materials and Processes for RF and THz Applications 
(IMWS-AMP), Sep. 2017, Pavia, Italy, pp. 1-3. 

[21] Z. Yang, A. Takacs, S. Charlot, and D. Dragomirescu, “Flexible 
Substrate Technology for Millimeter Wave Wireless Power 
Transmission,” Wireless Power Transfer, Cambridge University Press, 
vol. 3, no. 1, pp.24-33, 2016. 

[22] J. Bito et al., “Millimeter-wave ink-jet printed RF energy harvester for 
next generation flexible electronics,” in Proc. of the 2017 IEEE 
Wireless Power Transfer Conference (WPTC), May 2017, Taipei, 
Taiwan, pp. 1-4. 

 


