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There are several challenges in developing an antenna for rectenna systems that are
need to be addressed in such as low efficiency and large size of the antenna at the
lower ISM frequency band. Hence, in this work a compact size and high efficiency
antenna has been developed. As a result, a microstrip antenna structure based on a
printed fractal patch geometry on an FR-4 epoxy substrate is proposed for radio
frequency (RF) rectenna systems. The antenna circuitry is developed as triangular
patch filled with conductive circles fed with a microstrip line and backed with a
ground plane. Two matching circuit impedance are centred in the patch for
enhancing the antenna bandwidth and tune the frequency modes. The proposed
antenna performs two frequency modes at 920 MHz and 2.45 GHz to suite the
rectenna system applications. A numerical simulation based on a Finite Integral
Technique (FIT) of CST MWS formulations is conducted to study the antenna
performance. The antenna is realized on FR-4 substrate with thickness of 1.6 mm.
The measured return loss of 10 dB, gain of 4.47 dB, and efficiency of 92 % are
achieved at these two bands. A compact size of (87.5 x 55) mm? is obtained. Finally,
an omni-directional beam is obtained at 920 MHz and 2.45 GHz that would benefit
the rectenna system applications.
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Terdapat beberapa cabaran dalam mengembangkan antena untuk sistem rektena
yang perlu ditangani seperti kecekapan rendah dan ukuran besar antena pada jalur
frekuensi ISM yang lebih rendah. Oleh itu, dalam karya ini antena bersaiz padat dan
kecekapan tinggi telah dikembangkan. Hasilnya, struktur antena mikrojalur
berdasarkan geometri tampalan fraktal bercetak pada substrat epoksi FR-4
dicadangkan untuk sistem rektena RF. Litar antena dikembangkan sebagai tampalan
segitiga yang diisi dengan bulatan konduktif yang diberi garis mikrojalur dan
disokong dengan satah tanah. Dua impedans litar sepadan berpusat di TAMPALAN
untuk meningkatkan lebar jalur antena dan menyesuaikan mod frekuensi. Antena
yang dicadangkan melakukan dua mod frekuensi pada 920 MHz dan 2.45 GHz untuk
menyesuaikan aplikasi sistem rektena. Sebuah simulasi berangka berdasarkan
kepada Finite Integral Technique (FIT) formulasi CST MWS dilakukan untuk
mengkaji prestasi antena. Antena direalisasikan pada substrat FR-4 dengan ketebalan
1.6 mm. Kerugian pulangan yang diukur 10 dB, gandaan 4.47 dB, dan kecekapan
92% dicapai pada dua jalur ini. Saiz padat (87.5 x 55) mm? diperoleh. Akhirnya,
pancaran omni-arah diperoleh pada 920 MHz dan 2.45 GHz yang akan
menguntungkan aplikasi sistem rectenna.
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CHAPTER 1

INTRODUCTION

1.1 Research Background

Currently, the electromagnetic waves is occupied a great attention due to the wide
expansion in the modern wireless communication services [1]. A great portion of the
radiated energy is wasted in the air while a small amount of it is received by current
devices [2]. If such energy, radio frequency (RF), can be harvested and used wisely,
it could be reused and added to the natural harvested energy such as solar and wind
resources [ 1, 2]. In many low power consumption devices, including sensor networks
[3], radio frequency identification RFID [4], Internet-of-Things [5], and electric
clock [6], the harvested RF energy is considered the main power resource. The
harvested RF energy can provide sufficient power for their entire life span. Several
researches have been conducted on developing single-band rectennas, multiband
rectennas, and arrays as proposed in [4] - [8]. Since, the harvested energy is usually
from different directions [5] and different sources [6], omni-directional of multi-
band RF receptors are preferable [5]. A rich multi-path signal environment in
combination with the uncertain source position makes an omni-directional antenna
the ideal candidate to harvest ambient RF energy [6]. Energy efficiency can be
increased significantly, if the antenna design is determined by fractal geometry [7].
Fractal geometries have been extensively employed in antenna architecture due to
their self-similarity and space-filling features which permit antenna. Generally,
microstrip technology is widely used to realize the antenna in rectenna systems.
Different structures and designs have been proposed in [8-15]. However, these
designs limit the performance of the rectenna system by producing a big or bulky
size of the whole network beside a single frequency resonance. Therefore, an
alternative of using Fractal geometries with several techniques to overcome these
problems is presented in [16-20].

1.2 Research Motivation

Due to the rapidly increasing need for green energy harvesting as a new resource for
self-powered wireless systems. This research is conducted on antenna part of the
rectenna RF systems. This study has been motivated by a need to design an antenna
with high efficiency, gain, and bandwidth to be mounted on a substrate. This
technique prompted to develop a compact dual-band antenna for RF energy
harvesting which would have the capability to benefit the required rectenna system
needs. Moreover, the proposed structure is based on an efficient antenna of an omni-
direction pattern to support the RF energy harvesting from different directions at
different frequency bands.



1.3 Problem Statement

Currently, the demands for increasing energy requirements to meet the population
increasing has been driven the researchers to find an optimal energy source without
minimum energy loss. Consequently, Rectenna RF energy had become an interesting
topic to produce clean and low cost energy for RF applications. One of the suggested
solutions is to use low profile and compact size of devices in Rectenna systems,
which has great potentials in the engineering applications. However, rectenna
systems have a few challenges such as being low efficiency and big size due to its
antenna design structures [21, 22]. Additionally, the rectenna systems are usually
designed at lower ISM band for example 0.92 GHz and 2.45 GHz which produces a
low gain and low efficiency comes from the common planar technology used. Hence,
the antennas with a compact size, low profile, low cost, and high performance can
be developed [23]. Therefore, the fractal planar technology is proposed to implement
the antenna in the rectenna systems. The antenna in rectenna system plays an
important role especially in the receiver part. Antenna in receiver part should provide
a compact size and high efficiency performance with omni-directional radiation
pattern to ensure signal receiving from everywhere [24]. Common microstrip
antenna structures such as slot, square, circle, and patch are introduced for rectenna
system. However, these structures are suitable for the antenna in the transmitter part
of the rectenna system with high gain and directional beams. Hence, in this work a
fractal antennas with a capability to provide a compact size and omni-directional
beam is proposed for the antenna in the receiver part. A well-designed antenna with
compact size, acceptable gain, bandwidth, low profile, low cost, and efficiency is
carefully needed to be implemented in the receiver part of rectenna system.

14 Research Aim and Objectives

The aim of this project is to design an optimal antenna that can be used in the rectenna
system applications at 0.92 GHz and 2.45 GHz. The following are the research
objectives.

1. To design, simulate, fabricate, measure, and analyses the performance of a
compact microstrip fractal antenna with good gain and high efficiency for
rectenna systems applications at 0.92 GHz and 2.45 GHz.

2. To compare the performance of the proposed microstrip fractal antenna with
related recent works in terms of return loss, gain, size, and efficiency that
would benefit the wireless rectenna system applications.

1.5 Scope of Work

The scope of the proposed work is limited to the antenna design of fractal geometry
that will be connected in the future to the RF harvester at 920MHz and 2.45 GHz.
Therefore, the design of the proposed antenna is investigated by using Computer
Simulation Technology based Microwave Studio (CST MWS) of Finite Integral



Technique (FIT) to realize the antenna performance. Nevertheless, the antenna
designed based on Minkowski fractal of elliptical geometry inside a triangular
structure. The antenna is then fabricated using microstrip FR-4 substrate and
measured using standard vector network analyzer (VNA) to compare the
performance with the simulation response.

1.6 Significance of the Study

The significance of the study is focused on using a dual-band band patch antenna
based on microstrip fractal geometry or composed of metamaterial structure. It aims
to enhance the capability of the antenna bandwidth and gain for receiving different
frequency bands, as well as reducing the size of the antenna and the shadowing effect
of the patch layer on the substrate.

1.7 Thesis Layout

This thesis comprises five chapters.

Chapter 1 introduces current background and problems of the rectenna systems.
Followed by the research aim and objectives, and the scope of work.

Chapter 2 focuses on the literature review of the current fracture antenna on
microstrip technology, then the current problems and gaps in the rectenna systems
as antenna design point of view.

Chapter 3 presents the research methodology which starts with the antenna design
flowchart. In addition to the details equations of the proposed design. Then the
details of simulation and fabrication processes are briefly discussed.

Chapter 4 shows the optimized antenna with simulation and measurement results.
This chapter discuss the performance of the proposed antenna in terms of reflection
coefficient, gain, bandwidth, and efficiency.

Chapter 5 concludes the findings of this research and presents the limitations and
recommendation for future work. The findings are related to the aim and objectives
of this research in such way that it has been achieved.



[1.]

[2.]

[3.]

[4.]

[5.]

[6.]

[7.]

[8.]

[9.]

[10.]

[11.]

REFERENCES

Lai, K., Cheng, F., Chou, S.T., Chang, Y., Wu, G., & Tsai, J. (2019).
AnyCharge: An loT-Based Wireless Charging Service for the Public. IEEE
Internet of Things Journal, 6(6), 10888-10901.

Hu, S., Chen, X., Ni, W., Wang, X., & Hossain, E. (2020). Modeling and
Analysis of Energy Harvesting and Smart Grid-Powered Wireless
Communication Networks: A Contemporary Survey. IEEE Transactions on
Green Communications and Networking, 4(2), 461-496.

Clerckx, B., Zhang, R., Schober, R., Ng, D. W. K., Kim, D. 1., & Poor, H. V.
(2019). Fundamentals of Wireless Information and Power Transfer: From RF
Energy Harvester Models to Signal and System Designs. IEEE Journal on
Selected Areas in Communications, 37(1), 4-33.

Anjum, S. S., Noor, R. M., Anisi, M. H., Ahmedy, 1. B., Othman, F., Alam,
M., & Khan, M. K. (2019). Energy Management in RFID-Sensor Networks:
Taxonomy and Challenges. IEEE Internet of Things Journal, 6(1), 250-266.

Pakkirisami Churchill, K. K., Chong, G., Ramiah, H., Ahmad, M. Y., &
Rajendran, J. (2020). Low-Voltage Capacitive-Based Step-Up DC-DC

Converters for RF Energy Harvesting System: A Review. IEEE Access, 8,
186393—-186407.

Sharma, J., & Krishnaswamy, H. (2019). A 2.4-GHz Reference-Sampling
Phase-Locked Loop That Simultaneously Achieves Low-Noise and Low-
Spur Performance. IEEE Journal of Solid-State Circuits, 54(5), 1407—1424.

Amer, A. A. G., Sapuan, S. Z., Nasimuddin, N., Alphones, A., & Zinal, N.
B. (2020). A Comprehensive Review of Metasurface Structures Suitable for
RF Energy Harvesting. IEEE Access, 8, 76433—76452.

Bai, X. & Zhang, J.-W & Xu, L.-J & Zhao, B.-H. (2018). A broadband CPW
fractal antenna for RF energy harvesting. Applied Computational
Electromagnetics Society Journal. 33. 482-487.

Dardeer, O. M. A., Elsadek, H. A., Abdallah, E. A., & Elhennawy, H. M.
(2019). 4x4 Circularly Polarized Antenna Array for Ambient RF Energy
Harvesting. 2019 IEEE International Symposium on Antennas and
Propagation and USNC-URSI Radio Science Meeting.

kumar, V., & Nakkeeran, R. (2018). Differential Microstrip Antenna with
Side Wall Patch for RF Energy Harvesting. 2018 3rd International
Conference for Convergence in Technology (I12CT), 1-4.

Shen, S., Chiu, C.-Y., & Murch, R. D. (2017). A Dual-Port Triple-Band L-
Probe Microstrip Patch Rectenna for Ambient RF Energy Harvesting. [EEE
Antennas and Wireless Propagation Letters, 16, 3071-3074.

44



[12.]

[13.]

[14.]

[15.]

[16.]

[17.]

[18.]

[19.]

[20.]

[21.]

[22.]

[23.]

Krishnamoothy, R., & Umapathy, K. (2018). Design And Implementation Of
Microstrip Antenna For Energy Harvesting Charging Low Power Devices.
2018 Fourth International Conference on Advances in Electrical, Electronics,
Information, Communication and Bio-Informatics (AEEICB), 1-3.

Li, X., Yang, L., & Huang, L. (2019). Novel Design of 2.45-GHz Rectenna
Element and Array for Wireless Power Transmission. IEEE Access, 7,
28356-28362.

Khang, S.-T., Lee, D.-J., Hwang, 1.-J., Yeo, T.-D., & Yu, J.-W. (2018).
Microwave Power Transfer With Optimal Number of Rectenna Arrays for

Midrange Applications. IEEE Antennas and Wireless Propagation Letters,
17(1), 155-159.

Sun, H., & Geyi, W. (2017). A New Rectenna Using Beamwidth-Enhanced
Antenna Array for RF Power Harvesting Applications. IEEE Antennas and
Wireless Propagation Letters, 16, 1451—-1454.

Bakytbekov, A., Maza, A. R., Nafe, M., & Shamim, A. (2017). Fully inkjet
printed wide band cantor fractal antenna for RF energy harvesting

application. 2017 11th European Conference on Antennas and Propagation
(EUCAP), 489-491.

Bakytbekov, A., & Shamim, A. (2019). Additively Manufactured Triple-
Band Fractal Antenna-on-Package for Ambient RF Energy Harvesting, 2019
13th European Conference on Antennas and Propagation (EuCAP), 1-3.

Ozdemir, H., & Nesimoglu, T. (2018). Microwave Energy Harvesting by
Using a Broadband Fractal Antenna and a Dual-Band Rectifier. 2018 18th
Mediterranean Microwave Symposium (MMS).

Chuma, E. L., de la Torre Rodriguez, L., Iano, Y., Bravo Roger, L. L., &
Sanchez-Soriano, M.-A. (2017). A compact fractal structure based rectenna
with the rectifier circuit integrated. 2017 IEEE International Symposium on
Antennas and Propagation & USNC/URSI National Radio Science Meeting,
1607—1608.

Bakytbekov, A., Nguyen, T. Q., Huynh, C., Salama, K. N., & Shamim, A.
(2018). Fully printed 3D cube-shaped multiband fractal rectenna for ambient
RF energy harvesting. Nano Energy, 53, 587-595.

Cambero, E. V. V., da Paz, H. P., da Silva, V. S., de Araujo, H. X., Casella,
I. R. S., & Capovilla, C. E. (2019). A 2.4 GHz Rectenna Based on a Solar
Cell Antenna Array. IEEE Antennas and Wireless Propagation Letters,
18(12), 2716-2720.

Awais, Q., Jin, Y., Chattha, H. T., Jamil, M., Qiang, H., & Khawaja, B. A.
(2018). A Compact Rectenna System With High Conversion Efficiency for
Wireless Energy Harvesting. IEEE Access, 6, 35857-35866.

Okba, A., Takacs, A., & Aubert, H. (2018). Compact Flat Dipole Rectenna
for Energy Harvesting or Wireless Power Transmission Applications. 2018

IEEE International Symposium on Antennas and Propagation &
USNC/URSI National Radio Science Meeting, 2511-2513.

45



[24.]

[25.]

[26.]

[27.]

[28.]

[29.]

[30.]

[31.]

[32.]

[33.]

[34.]

[35.]

[36.]

Yang, Y., Li, J., Li, L., Liu, Y., Zhang, B., Zhu, H., & Huang, K. (2018). A
5.8 GHz Circularly Polarized Rectenna With Harmonic Suppression and

Rectenna Array for Wireless Power Transfer. IEEE Antennas and Wireless
Propagation Letters, 17(7), 1276—1280.

Brown, W. C. (1984). The History of Power Transmission by Radio Waves.
IEEE Transactions on Microwave Theory and Techniques, 32(9), 1230—
1242.

Brown, W. C. (1966). The Microwave Powered Helicopter®. Journal of
Microwave Power, 1(1), 1-20.

Gvozdarev, A. S., & Artemova, T. K. (2018). An analysis of the multiband
non-planar koch-type fractal dipole with steerable geometry. 2018 Moscow
Workshop on Electronic and Networking Technologies (MWENT), 1-5.

Yaziz, N. S. M., Rahim, M. K. A., & Zubir, F. (2017). Second iteration of
slotted fractal log periodic dipole antenna (LPDA). 2017 International
Symposium on Antennas and Propagation (ISAP), 1(2), 1-2.

Song, C., Huang, Y., Zhou, J., Zhang, J., Yuan, S., & Carter, P. (2015). A
High-Efficiency Broadband Rectenna for Ambient Wireless Energy
Harvesting. IEEE Transactions on Antennas and Propagation, 63(8), 3486—
3495.

Wang, S., & Chang, H.-Y. (2020). A 3D Rectenna with All-polarization and
Omnidirectional Capacity for IoT Applications. 2020 IEEE/MTT-S
International Microwave Symposium (IMS), 1188—1190.

Guan, D.-F., Zhang, Y.-S., Qian, Z.-P., Li, Y., Cao, W., & Yuan, F. (2016).
Compact Microstrip Patch Array Antenna With Parasitically Coupled Feed.
IEEE Transactions on Antennas and Propagation, 64(6), 2531-2534.

Mumu, M. K., & Hasan, R. (2020). Design of a Palm Leaf Shaped Compact
Microstrip Patch Antenna for Wireless Applications. 2020 IEEE Region 10
Symposium (TENSYMP), 465—468.

Pandey, A., & Mishra, R. (2018). Compact Dual Band Monopole Antenna
for RFID and WLAN Applications. Materials Today: Proceedings, 5(1),
403—407.

Haskou, A., Pesin, A., Naour, J.-Y. L., & Louzir, A. (2019). Compact, Dual-
Band, Hybrid Monopole-ASA, Antenna. 2019 IEEE International
Symposium on Antennas and Propagation and USNC-URSI Radio Science
Meeting, 1123—-1124.

Tan, M.-T., & Wang, B.-Z. (2015). A Compact Dual-Band Dual-Polarized
Loop-Slot Planar Antenna. IEEE Antennas and Wireless Propagation Letters,
14, 1742-1745.

Wong, K.-L., & Chen, Y.-C. (2015). Small-Size Hybrid Loop/Open-Slot
Antenna for the LTE Smartphone. IEEE Transactions on Antennas and
Propagation, 63(12), 5837-5841.

46



[37.]

[38.]

[39.]

[40.]

[41.]

[42.]

[43.]

[44.]

[45.]

[46.]

[47.]

Li, W., Zeng, Z., You, B., Ye, L., Liu, Y., & Liu, Q. H. (2017). Compact
Dual-Polarized Printed Slot Antenna. IEEE Antennas and Wireless
Propagation Letters, 1-3.

Hirakawa, T., & Shinohara, N. (2019). Theoretical Analysis of Single Shunt
Rectifiers. 2019 IEEE Wireless Power Transfer Conference (WPTC), 578—
581.

Benzazah, C., Lazrak, L., Daoudi, S. E., & Lafkih, M. A. (2019). A Look at
DC/DC boost converter topology and balancing of DC-voltage capacitors of
3-level NPC inverter in 7MW PMSG Hydraulic Energy Conversion Chain.
2019 International Conference on Wireless Technologies, Embedded and
Intelligent Systems (WITS), 1-5.

Wang, J., Wu, H., Yang, T., Zhang, L., & Xing, Y. (2019). Bidirectional
Three-Phase DC-AC Converter With Embedded DC-DC Converter and
Carrier-Based PWM Strategy for Wide Voltage Range Applications. IEEE
Transactions on Industrial Electronics, 66(6), 4144—4155.

Itoh, K. (2015). RF bridge rectifier and its good possibility for wireless power
transmission systems. 2015 IEEE International Symposium on Radio-
Frequency Integration Technology (RFIT), 226—-228.

Rotenberg, S. A., Re, P. D. H., Podilchak, S. K., Goussetis, G., & Lee, J.
(2017). An efficient rectifier for an RDA wireless power transmission system
operating at 2.4 GHz. 2017 XXXIInd General Assembly and Scientific
Symposium of the International Union of Radio Science (URSI GASS), 1-3.

Bhatt, S., Mankodi, P., Desai, A., & Patel, R. (2017). Analysis of ultra
wideband fractal antenna designs and their applications for wireless

communication: A survey. 2017 International Conference on Inventive
Systems and Control (ICISC), 1-6.

Brickmann, J. (1985). B. Mandelbrot: The Fractal Geometry of Nature,
Freeman and Co., San Francisco 1982. 460 Seiten,. Berichte Der
Bunsengesellschaft Fiir Physikalische Chemie, 89(2), 209.

Surjati, 1., Ningsih, Y. K., & Alam, S. (2017). Compact fractal patch
microstrip antenna fed by coplanar waveguide for long term evolution
communications. 2017 4th International Conference on Electrical
Engineering, Computer Science and Informatics (EECSI), 1-4.

Sarkar, S. B. (2017). Design and analysis of 5.2 GHz fractal rectangular
microstrip patch antenna using Hilbert curve. 2017 International Conference

on Wireless Communications, Signal Processing and Networking
(WiSPNET), 1-5.

Sliusar, 1., Degtyareva, L., Slyusar, V., Voloshko, S., & Zinchenko, A.
(2019). Synthesis of Quasi-Fractal Ring Antennas. 2019 IEEE International

Scientific-Practical Conference Problems of Infocommunications, Science
and Technology (PIC S&T), 741-744.

47



[48.]

[49.]

[50.]

[51.]

[52.]

[53.]

[54.]

[55.]

[56.]

[57.]

[58.]

[59.]

Xia, Q., & Yan, L. (2016). Application of wireless power transfer
technologies and intermittent energy harvesting for wireless sensors in
rotating machines. Wireless Power Transfer, 3(2), 93—104.

Yang, W., & Pan, Y. (2018). A Wideband Dual-Polarized Dipole Antenna
With Folded Metallic Plates. IEEE Antennas and Wireless Propagation
Letters, 17(10), 1797-1801.

Poushimin, R., & Nunzi, J.-M. (2020). Design of a plasmonic antenna hot-
electron solar cell. 2020 Photonics North (PN), 1-2.

Okba, A., Takacs, A., & Aubert, H. (2019). Compact Rectennas for Ultra-
Low-Power Wireless Transmission Applications. IEEE Transactions on
Microwave Theory and Techniques, 67(5), 1697—-1707.

Singh, M., Agrawal, S., & Parihar, M. S. (2017). Design of a rectenna system
for GSM-900 band using novel broadside 2 x 1 array antenna. The Journal
of Engineering, 2017(6), 232-236.

Chuma, E. L., Rodriguez, L. T., Iano, Y., Roger, L. L. B., & Sanchez-
Soriano, M. - . A. (2017). Compact rectenna based on a fractal geometry with

a high conversion energy efficiency per area. IET Microwaves, Antennas &
Propagation, 12(2), 173-178.

Bai, X., Zhang, J., Xu, L. (2017). A broadband CPW fractal antenna for RF
energy  harvesting. 2017 International  Applied Computational
Electromagnetics Society Symposium (ACES), 1-2.

Benyetho, T., Zbitou, J., E1 Abdellaoui, L., Bennis, H., Tajmouati, A., Tribak,
A., & Latrach, M. (2014). Fractal multiband planar antenna for wireless

power transmission. 2014 International Renewable and Sustainable Energy
Conference (IRSEC), 407—410.

Chuma, E. L., de la Torre Rodriguez, L., Iano, Y., Bravo Roger, L. L., &
Sanchez-Soriano, M.-A. (2017). A compact fractal structure based rectenna
with the rectifier circuit integrated. 2017 IEEE International Symposium on
Antennas and Propagation & USNC/URSI National Radio Science Meeting,
1607-1608.

Dhar, S., Patra, K., Ghatak, R., Gupta, B., & Poddar, D. R. (2015). A
Dielectric Resonator-Loaded Minkowski Fractal-Shaped Slot Loop

Heptaband Antenna. IEEE Transactions on Antennas and Propagation, 63(4),
1521-1529.

Ji, Y., & Warner, F. M. (2010). Swept frequency gain measurements for
standard horn antennas. CPEM 2010.

Baskakova, A. (2019). Improved Time Efficiency for Simulation of an
Antenna for Near-Field Distance Measurements in CST Studio Suite. 2019
Antennas Design and Measurement International Conference (ADMInC),
26-29.

48



[60.] Riitschlin, m., & Wittig, T. (2015). State of the art antenna simulation with
CST STUDIO SUITE. 2015 9th European Conference on Antennas and
Propagation (EuCAP), 1-5.

49





