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ABSTRACT: 

A historical review of Radio Frequency Energy Harvesting (RFEH) Rectenna (Rectifier Antenna) Systems without a 

matching network is performed, with emphasis on the antenna part. As the antenna, matching network and rectifier are 

the main parts of the rectenna systems, the reasons behind the elimination of the matching network are presented and 

different special antennas suitable for direct matching to the rectifier, without using a matching network, are reviewed. 

Since the diode in the rectifier is a nonlinear element, its input impedance is changed with varying operating conditions 

such as input power, frequency and output load impedance of the rectifier. So, it is a challenge for researchers to match 

the antenna impedance directly to the rectifier in variable operational conditions. 
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1.  INTRODUCTION 

Powering remote devices and sensors in the Internet 

of Things (IoT) enabled devices, Wireless Sensor 

Networks (WSN), wearable and implantable systems 

and other similar applications are emerging challenges 

and it has been reflected in designing more reliable 

devices and systems. One of the promising solutions for 

this subject is Radio Frequency Energy Harvesting 

(RFEH) and Wireless Power Transfer (WPT). In these 

solutions, a rectenna (rectifier-antenna) [1] is used to 

receive and convert the RF wireless energy to a DC 

signal useful for powering remote devices [2-7]. An 

energy harvesting circuit can be seen in Fig. 1. Two key 

parameters of the rectenna in the mentioned applications 

are compactness and being able to convert available low 

levels of energy efficiently [8], [9]. 

In applications that receive ambient RF energy, the 

amount of available RF power density is very low (at the 

level of a few μW/cm2) [6], [10-13]. One method is to 

use large antennas to receive the required amounts of 

energy for the harvesting circuit to operate. But since the 

rectenna should be compact in many applications, the 

antenna cannot be large to receive high amounts of 

energy. So, for utilizing the low amount of received 

power in the best way, it is important to design a 

rectenna with high total efficiency and minimum losses. 

For the reduction of losses and increase the 

efficiency in the rectenna, the rectifier and antenna 

impedances should be matched for maximum power 

transfer. So, a matching circuit between these parts is 

proposed [3], [6], [10], [13-27]. But this matching circuit 

itself introduces extra losses and also increases the size 

of the rectenna. In fact, it has been shown that for 

obtaining maximum achievable efficiency in low power 

conditions, the matching circuit should be removed [28-

29], which is also in favour of rectenna size reduction. 

With removing the matching circuit, the antenna and 

the rectifier impedances should be directly conjugate 

matched for maximum power transfer. This is another 

important challenge since the diode-based rectifier is a 

nonlinear device and its input impedance varies with 

operating conditions (input power level, frequency and 

output load impedance) [14],[16],[30-35]. So, designing 

special non-50Ω antennas that are directly matched to 

the rectifier is an important issue and there have been 

considerable efforts around it. 

This paper reviews the important research done on 

the direct matching rectennas with an emphasis on the 

antenna part. Several solutions to this problem in 

different operating conditions are presented briefly, 

which can be used for comparing the systems, 

understanding the pros and cons of each one and 

choosing the best solution for a specific application. 

Section 2 reviews non-50 Ω antennas used in the 

rectenna systems in the literature. In section 3 a 
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comparison of solutions is presented, followed by 

discussion and conclusion sections at the end. 

 

Fig. 1. An energy harvesting circuit or rectenna, 

including antenna, matching network, rectifier and 

load.  

 

2.  ANTENNAS OF RECTENNA SYSTEMS 

WITHOUT MATCHING CIRCUIT 

Here, research that considers the rectenna design 

without matching circuits is presented in chronological 

order to understand the trend of improvements in this 

area. The key features of each study are mentioned 

briefly to help get a general familiarization with the 

ideas involved. Each of the following studies has been 

performed in different conditions and for different 

applications, but all of them have considered the 

elimination of the matching network, which is usually 

placed between the antenna part and the rectifier part of 

the rectenna for simplification, size, cost and loss 

reduction and efficiency improvement. The summarized 

data for operating conditions and results of each research 

can be seen in Table 1 at the end of the reviews. 

 

2.1.  Early works (2000-2010) 

The study of early works begins with [36], in which 

two non-resonant antenna arrays without a matching 

network are designed and used in the rectenna system: a 

dense grid array and a self-similar spiral array. An 

approach for incident waves of arbitrarily and time-

varying polarization and with broad spectral content is 

presented. This idea is tested on the first antenna that 

receives two orthogonal linear polarizations (Fig. 2a), 

and on the second one with alternating right-hand and 

left-hand circular polarizations (RHCP and LHCP) (Fig. 

2b). Although in these rectenna arrays, the antennas are 

nonresonant and there are no matching circuits, but there 

are no discussions about the antenna and rectifier 

impedances and the procedure of direct matching of the 

antenna array to the rectifier.  

In [11], the usefulness of a proposed rectenna in low 

input power densities and wide frequency range is 

examined. The proposed rectenna consists of a 64-

element dual Circular Polarization (CP) spiral array with 

each element directly connected to a rectifying diode 

(Fig. 2c). The frequency-independent antenna (Spiral) is 

used to enable matching to the rectifier, reducing the 

overall size and increasing the bandwidth of the system.  

 A frequency domain Harmonic Balance (HB) 

method for analyzing nonlinear aspects of the rectifying 

diode is used. The optimum source impedance range of 

the diode is determined by the source-pull technique in 

a range of input powers and frequencies. This optimum 

source impedance region is then used for optimizing the 

antenna design. The antenna is designed so that its input 

impedance matches with the optimum diode source 

impedance in the desired frequency and mismatches to 

reflected harmonics (harmonic rejection). For the low-

power conditions, it is shown that the SMS7630 

Schottky diode has the best performance over the 

specified frequency range.  

Also, different DC power combining schemes are 

examined and it is shown that for an 8×8 array, the 

parallel combination of the cells provides the best 

efficiency in the incident power density range. The other 

test is performed for single-tone and multi-tone input 

signals to show that when multiple waves with several 

frequencies are incident simultaneously, the DC output 

is increased. 

A review of methods of designing UHF passive tag 

antennas for RFID (Radio Frequency Identification) 

applications is done in [37]. The design goal of the 

antenna is: 1) to have inductive input impedance so that 

it can be conjugately matched to the RFID microchip 

(for eliminating the matching network), and 2) to 

miniaturize the antenna shape and size. 

For the first goal, the antenna input impedance can 

be modified by techniques like some modifications on 

the T-match, coupling to a small loop, and adding nested 

slots. The second goal (size reduction) is achieved by 

meandering and inverted-F configurations (inverted-F 

antenna, IFA and planar inverted-F antenna, PIFA). So, 

conjugate impedance matching to RFID electronics in 

conjunction with size reduction of the antenna is 

achieved by modifying the original antennas using the 

above-mentioned techniques (See Fig. 3). 

In [45] an S-shaped folded dipole antenna (Fig. 4a) 

and an inductively coupled feed antenna (Fig. 4b) are 

introduced, which the first one has 2 matching stubs 

(resistive and inductive) as parts of the antenna, but the 

second antenna has no matching circuit attached. These 

antennas are proposed for use in ultra-compact RFID 

designs. 

Antennas are designed to be conjugately matched 

with RFID IC with the capacitive input impedance of ZIC 

= 73 – j113 Ω. This article mainly discusses antennas 

suitable for RFID Tags, and is not about the complete 

rectenna system. 

A meandered slot dipole antenna is proposed in [46] 

with no matching network (Fig. 4c). According to 

Babinet’s principle, a slot dipole antenna has the 

property of impedance transformation with respect to the 

dipole antenna. 
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                                                     (c) 

Fig. 2. (a) The grid array, (b) the spiral array [36], and (c) the Layout of the 64-element spiral array [11]. 

The antenna is designed so that it is conjugately 

matched to the specific RFID tag chip (with a 20-j135 Ω 

impedance). The impedance of the antenna can be tuned 

by changing horizontal and vertical lengths (Lv and Lh) 

of the conductor area. 

To design a low-cost rectenna in low input power 

conditions, in [47] a rectenna is designed using 

analytical models and closed-form expressions. A 

probe-fed microstrip patch antenna (Fig. 5a) whose input 

impedance varies with the probe position is used to 

perform direct matching to the rectifier. Although 

matching circuits are not used in this design, input and 

output filters (as radial stubs) are used for preventing the 

RF signal or its harmonics from being propagated to the 

input antenna or output load. This is in contrast to the 

compactness of the rectenna. 

In [48], some improvements to [47] are realized as 

follows (Fig. 5b):  

1-Changing the excitation method of the microstrip 

antenna from probe feeding to edge feeding. This 

modification leads to the ability to fabricate the whole 

rectenna on a single side of a grounded printed circuit 

board (PCB).  

2- There is no need to use a transmission line stub as 

a harmonic filter since the patch antenna is a narrow-

band device and is mismatched to the higher order 

harmonics generated by the rectifier inherently. So, the 

stub can be omitted.     

3- The filter used between the rectifier and load also 

can be omitted, since it is stated that this will not affect 

the rectenna performance seriously. 

With the above improvements, higher efficiency 

with respect to [47] (about 52%) is obtained. 

In [49], to maximize RF-to-DC conversion 

efficiency and ensure the compact physical dimensions 

of rectenna, impedance matching and filtering networks 

are not employed. A wire Folded Dipole Array (FDA) 

antenna is chosen (Fig. 5c) since its geometry has 

enough parameters to tune its input impedance for direct 

matching to the rectifier. 

An analytical model and approximation method are 

used to find antenna input impedance in terms of its 

geometrical parameters. The RF input impedance of a 

specific diode (HSMS-2850) has been determined by  
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(a) 

 

(b) 

(c) 

 
(d) 

 

 
 

(e) 

 

 

(f) (g) 

Fig. 3. Meander-line antennas equipped with a T-match feed in (a) [38], with an inductively coupled loop feed in 

(b) [39], and with a loading bar in (c) [40], [41]; (d) a multiconductor antenna equipped with a double T-match 

and spiral folding [42], (e) a multiconductor meander-line antenna equipped with a circular double T-match [43], 

(f) the proximity loop feed in a two-layer double-PIFA tag [44], (g) a meander-line with an inverted-F antenna 

optimized with a genetic algorithm [37]. 
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(a) 

 
(b) 

 
(c) 

Fig. 4. (a) S-shaped folded dipole antenna structure showing stubs [45], (b) inductively coupled feed antenna 

[45], (c) layout of the meandered slot dipole antenna with chip boundary [46]. 

 

Using a Runge-Kutta (RK) method for a short circuit 

load at specific input power and frequency.  

The input impedance of the antenna as a function of 

its geometrical parameters is then embedded in a 

custom-made Genetic Algorithm (GA) optimization 

shell, with a fitness function that is related to the power 

reflection coefficient between the antenna and the diode. 

So, the geometrical parameters of the antenna that 

minimize the power reflection coefficient can be found. 

In this way, the best conjugate matching between the 

antenna and the diode is achieved. Also, it is stated that 

the proposed analysis method of antenna input 

impedance has good agreement with the Method of 

Moment (MoM) method results, with much less 

computation time. 

 

2.2.  Research done from 2011-2018 

A meandered slot antenna (Figs. 5d ad 5e) is 

designed in [50] by Genetic Algorithm Optimization 

(GAO) at 2.45 GHz to maximize conjugate matching to 

an RFID chip with known input impedance. It is shown 

that utilization of GAO in the design of this antenna can 

also reduce the antenna size. 

In [51], a metamaterial-inspired near-field resonant 

parasitic (NFRP) antenna is directly matched to the 

rectifier in the L1 frequency band of the GPS (Global 

Positioning System) application. A metamaterial-

inspired S-shaped NFRP element is combined with a 

driven printed monopole element with a two-cane top-

loading, to achieve an Electrically Small Antenna (ESA) 

structure (Figs. 5f and 5g). An input DC block Band Pass 

Filter (BPF) and output Low Pass Filter (LPF) (inductor) 

are used for preventing DC and harmonic frequency 

components to be reached to input antenna and output 

load, respectively.  

The rectifier is analyzed by source-pull and load-pull 

techniques in Advanced Design System (ADS), and its 

optimal load and the input impedance are determined, 

which yields antenna input impedance for conjugate 

matching. The antenna was designed using a High-

Frequency Structure Simulator (HFSS). Since the ratio 

of the reactance to the resistance of the antenna is found 

to be high, the driven printed monopole with a two-cane 

top-loading is used to achieve this high impedance ratio. 

Source-pull and load-pull techniques are also used in 

[52], to find the optimal diode RF and dc (input and 

output) impedances for the most efficient rectification, 

as a function of input power. A Harmonic Balance 

simulation is utilized to find the optimum input 

impedance of a specific diode for a given dc load 

resistance, input power and frequency.
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(a) 

 

 
(b) 

 
(c) 

 

 
(d) 

 
(e) 

 

 

 

 

 

 

 

 

 

 

 

(f) 

 

 

 

(g) 

Fig. 5. (a) Layout of the stacked rectenna including probe-fed microstrip patch antenna [47], (b) fabricated 

edge feed microstrip patch antenna in a single-layer grounded PCB rectenna [48], (c) N-elements wire FDA 

antenna [49], (d) generic layout of meandered slot antenna [50], (e) optimized meandered slot antenna layout for 

known input impedance [50], (f) layout of the GPS L1 antenna [51], (g) fabricated GPS L1 rectenna front and 

back views: two-cane driven monopole with rectifying circuit (left), S-shaped NFRP element with the extended 

ground plane (right) [51]. 

 

A source-pull measurement is then performed to 

validate the simulation results.  By repeating this 

procedure, the mentioned optimum RF and DC 

impedances of the diode are obtained. 

This allows optimized antenna design, in which its 

input impedance gives the best possible match to the 

rectifier and so the best conversion efficiency can be 

obtained. This process can eliminate or simplify match 

networks and improve overall efficiency. Because of 

limitations in designing of proper antenna that is directly 

matched to the rectifier and hence omitting the matching 

circuit completely, the results are used to design the 

antenna that simplifies the matching circuit (Fig. 6b) 

with the goal of good efficiencies. It is mentioned that 

complete elimination of the matching network might be 

possible with other antennas and diodes. 

A patch antenna with different widths and feed 

points (Fig. 6a) is simulated and measured to find the 

impact of the width of the patch, location of the feed and 

parasitic of the antenna connector on the antenna input 

impedance. It is shown that the antenna impedance 

(especially its reactance) is highly sensitive to the 

parasitic of the feed connector. The power densities of 

interest in this practice are relatively low (25 to 200 

μW/cm2). 

In [53], a co-design is made on a single band, 

compact and high gain X-shape antenna with a stub (Fig. 

6c) and a rectifier, so that they directly match each other 
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at the main frequency, while they are mismatched at 

higher order harmonics. This prevents the use of a BPF 

between the antenna and the rectifier for rejecting 

higher-order harmonics. The stub length controls the 

antenna input impedance for best matching with the 

rectifier. As another feature, this antenna has a 60 

degrees half-power beamwidth (HPBW), which is an 

advantage because there is no need to perform precise 

alignment of the rectenna to the power sources to receive 

enough power and maintain the conversion efficiency. 

It is shown that the efficiency is sensitive to the 

values of the load resistor. In the input power range 

larger than -15 dBm, the efficiency is lower with larger 

load resistances. The maximum achieved efficiency is 

83% for a load resistance of 1400 Ω at 0 dBm input 

power. 

Another rectenna system is considered in [54] 

without a bandpass filter and impedance matching 

circuit, using a circular sector antenna (Fig. 6d) with 

harmonic-rejecting characteristics. Direct matching with 

a double diode rectifier is achieved by tuning the 

impedance of the antenna by varying its feeding points. 

The antenna and the rectifier are built on both sides of 

the board for size reduction. A common ground plane is 

placed between these two layers. An LPF is used 

between the rectifier and load for DC passing. 

In [55], the co-design of a multi-stage CMOS 

rectifier and a compact square loop antenna with 

additional short-circuited arms (Fig. 6e) for an RF 

energy harvester in a Wireless Sensor Network (WSN) 

application is presented. The input impedance of the 5-

stage CMOS rectifier is simulated and then the 

specialized loop antenna dimensions are adjusted so that 

it is conjugately matched to the rectifier. It is mentioned 

that at low input powers (near the diode turn-on 

threshold) the input impedance of the rectifier is 

dominated by the linear parasitic components, and so the 

real and imaginary parts of rectifier input impedance can 

be considered constant. A cross-connected differential 

rectifier is used, which its capacitive input impedance is 

compensated by using an antenna with an inductive 

reactance. 

In [56], a flexible low-mass printed rectenna is 

designed. The voltage and current waveforms in the  

diode are shaped using a time-domain waveform 

shaping method so that its conversion efficiency is 

maximized. By direct matching of the rectifier and 

antenna at a given frequency and input power, the 

matching network is omitted and so the rectenna size is 

reduced. By using class-F terminations in the rectifier at 

the harmonics of the operating frequency (in which even 

harmonics are terminated in short circuits, while odd 

harmonics are terminated in open circuits), the 

efficiency of the rectifier is improved. A coplanar dipole 

antenna is integrated with the compact meandered feed 

line to build the mentioned harmonic terminations. A 

gap is included to block DC and a capacitor is used to 

short the even harmonics. The antenna is equipped with 

a shorted quarter-wavelength Coplanar Strip line (CPS) 

stub which is a short circuit at even harmonics due to the 

capacitor and an open circuit at f0 and odd harmonics 

(See Figs. 7a and 7b). 

Another low-mass rectenna is introduced in [9], 

which has high efficiency at very low power densities at 

two specified frequencies (2.45 GHz and 915 MHz) and 

a given DC load (2.2 KΩ).  

A three-element Yagi-Uda antenna (Fig. 7c) is 

designed so that it is directly matched to the rectifier at 

2.45 GHz. Assuming 1 μW/cm2 input power density, and 

using SMS7630 Spice model parameters, source-pull 

simulations were performed to find the optimized 

impedance that should be presented to the diode to give 

the highest DC voltage across the fixed load. Since this 

optimal impedance is inductive, it is obtained by using 

an inductive feed method inspired by the design of RFID 

tags [37]. 

A dc collection network (two serial short-circuited 

quarter-wavelength CPS) is designed to isolate the dc 

load from the antenna. These CPS lines are open circuits 

at the diode feed point (at 2.45 GHz) but provide a path 

to deliver power to the dc load. An RF-short capacitor 

(in 2.45 GHz) is added to ensure RF-dc isolation. The 

antenna is designed to be directly matched to the rectifier 

at 2.45 GHz. But at 915 MHz, the matching is performed 

with the help of the mentioned CPS stubs, which are 

inductive and not open circuits at 915 MHz, and the RF 

capacitor, which is not a short circuit in this frequency. 

 

 
(a) 

 

 

 
 

(b) 

 

 
(c) 
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(d) 

 
 

(e) 

 

Fig. 6. (a) Geometry of patch antenna with seven feed points [52], (b) layout of the matching circuit used [52], 

(c) circuit configuration of the rectenna including the X-shape antenna with a stub [53], (d) layout of the circular 

sector antenna with different feeding points [54], (e) square loop antenna with short-circuited arms [55]. 

 

 

 

 
 

(b) 

 

 

 

 

 

 

(c) 

Fig. 7. (a) Circuit diagram of rectenna in [56], (b) photograph of the flexible rectenna [56], (c) the manufactured 

prototype rectenna including a three-element Yagi-Uda antenna [9]. 

 

In [57] and [28], a rectangular loop-like printed 

antenna with additional short-circuiting arms (Fig. 8a) is 

introduced, which is directly matched to a voltage 

doubler rectifier. Considering the input impedance of the 

rectifier under operating conditions, the input impedance 

of the desired antenna must be inductive with a small 

resistive part, and this is achieved by tuning the 

geometrical features of the mentioned antenna. The 

results are also compared to a similar rectenna with a 50 

Ω antenna and lumped elements matching network, 

which shows around 5% efficiency improvement in 

conjugate matching rectenna. The reason is mentioned 

to be the losses of the matching circuit. 

A folded dipole antenna equipped with an inductive 

feed and a corner reflector (Fig. 8b) is studied in [8] with 

two different diodes (VDI ZBD and Skyworks 

SMS7630-079). The optimum impedance needed for 

maximum efficiency is calculated by load-pull 

simulation under operating conditions. It is found that 

for the VDI ZBD diode, a high impedance is needed for 

direct matching, which is difficult to achieve. But for the 

Skyworks SMS7630-079, the needed impedance can be 

achieved more easily. It should be mentioned that 

because of the characteristics of the utilized antenna, an 

inductive matching (feed) is used instead of direct 

matching.  

In [58], a broadband antenna with both vertical and 

horizontal polarizations is designed and used with a 
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voltage doubler rectifier for energy harvesting. For 

increasing the bandwidth and maintaining a large 

beamwidth, the structure of the antenna is optimized by 

gradual flaring of each bend of the antenna (Fig. 8c). It 

is mentioned that since the rectifier input impedance 

changes with frequency, input power and load, so the 

antenna should be designed such that it has a frequency 

broad band impedance match for a given input power 

range and a particular load value. 

In the design procedure of the rectenna, first, the 

behaviour of the diode input impedance is studied with 

various dc loads, input frequencies and input power 

levels. It is found that the best efficiency performance, 

which is obtained in 500 Ω load, is not a strong function 

of the frequency, and so it is possible and useful to 

design a broadband antenna matched to the optimum 

rectifier input impedance. The optimum impedance of 

the rectifier is found to be a real value dominantly (100 

Ω) and the imaginary part is negligible.  

In [59], a 3-D vertical stack of 4×4×4 folded dipole 

antennas (FDA) (Figs. 8d, 8e and 8f), each of which 

directly connected to a single diode rectifier, is 

introduced. The stacked rectenna arrays or panels are 

connected in various ways (series, parallel and hybrid) 

to channel the collected power to a single DC load, so 

the DC power combining circuitry is used. The optimum 

DC load is different with each of the power combining 

schemes. 

In the design procedure, the single diode rectifier 

input impedance is first calculated by considering a 

specific (300 Ω) load. Then the antenna sizes are tuned 

to have a conjugate input impedance with respect to the 

diode. Then the stacked array of antennas is formed with 

DC combining schemes. It is mentioned that the mutual 

coupling effects between antennas are of low 

importance. It is shown that with the stacked array, the 

power absorption enhancement (PAE) is 5 times higher 

than in a single 4×4 array. 

In [60], a multiband rectenna, consisting of four-

printed-cross-dipole antenna arrays (4CDAA) and a 

single Schottky diode (Figs. 9a, 9b and 9c), is used to 

harvest the RF energy from spillover loss of the satellite 

antennas in Ku and K bands. The system operates at 12 

GHz, 17.6 GHz and 20.2 GHz. Based on the 

explanations, the diode input impedance with a 300 Ω 

load is around 50 Ω at the mentioned frequencies. So, if 

we use the standard antenna with an impedance of about 

50 Ω at 12 GHz, the matching is achieved. At 2 other 

frequencies, the matching is also acceptable.  

A broadband energy harvesting circuit without using 

an external matching network, over a wide frequency 

range (800 MHz to 2.5 GHz) is presented in [61]. The 

antenna is designed such that its input impedance 

satisfies the requirements for direct matching to the 

rectifier. A planar broadband 5-element triangular 

folded monopole antenna with an input impedance of 

300 Ω is designed (Figs. 9d and 9e). The high impedance 

antenna is used for both direct matching and increasing 

voltage at the rectifier input. The optimum antenna 

impedance is found in this way: with a load impedance 

of 3 KΩ, and the input powers of -5 dBm and -10 dBm, 

the output power of the rectenna as a function of 

frequency at different antenna impedances is simulated. 

It is found that at antenna impedances between 300 to 

400 ohms, the output power in the desired frequency 

range is maximum. So, it is decided to design a 

broadband antenna with 300 Ω input impedance. This 

antenna is designed by replacing the unit element of the 

folded monopole antenna with a triangular monopole 

element, which is a broadband structure.  

In [62], a full-diversity rectenna that its antenna is 

conjugately matched to the rectifier with a wide 

frequency band (0.9 to 1.1 and 1.8 to 2.5 GHz), wide 

input  power range (0 to 23 dBm), a  wide range of load 

Values (200 to 2000 Ω), dual-polarization and various 

rectifier elements (diodes) is proposed 

 

 
 

(a) 

 

 
(b) 

 

 

 
(c) 
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Fig. 8. (a) Realized rectenna consisting of a printed loop-like antenna with short-circuiting arms directly 

connected to a voltage doubler rectifier [57, 28], (b) rectenna layout with the VDI ZBD diode, including a folded 

dipole with an inductive feed and a corner reflector [8], (c) fabricated broad band bent triangular antenna [58], 

Schematic for (d) the 4 vertically stacked panels including FDAs [59], (e) incident plane wave polarization in the 

system of stacked FDA panels[59], and (f) photograph of 4 stacked panels of FDAs [59]. 

 

. It starts with a center-fed half wavelength dipole 

and makes it off-center-fed to increase the radiation 

resistance in the first step. Then the bowtie concept is 

used to increase the frequency band. In the next step, two 

off-center-fed bowties are crossed to enable dual 

polarization and a symmetric bowtie is added to control 

the impedance of the antenna (Fig. 9f). It is shown that 

the proposed rectenna is broadband and it has good 

performance in different operating conditions. By 

choosing different diodes, the optimum input power 

range can be tuned from 0 dBm to 23 dBm. Also, the 

conversion efficiency in different conditions can be 

higher than 60%. 

The loss of the matching circuit is studied in [29]. It 

is shown that the matching circuit in the rectenna should 

be removed for achieving maximum efficiency in low 

input power conditions. It is stated that even in a perfect 

impedance match, if the matching network elements are 

lossy, up to 95% of power may be dissipated by these 

elements in ultralow-power conditions. First, maximum 

achievable power conversion efficiency (PCE) in the -

20 to 0 dBm input power range is calculated using an 

optimization procedure. Optimum values for the load are 

obtained in each frequency of 900 MHz, 1.8 GHz, 2.4 

GHz and 5.8 GHz. It is observed that maximum PCE is 

achieved in half-wave rectifier topology (which has the 

minimum number of components) at all mentioned 

frequencies. Also, it is shown that in the considered 

input power range, maximum PCE is obtained at 900 

MHz. It is seen that in higher frequencies, the optimum 

input power for maximum PCE is increased. The diode 

used for rectification is HSMS-286C. The above results 

are achieved with the assumption of perfect matching. 

Then for inspecting the effect of the matching circuit, the 

extra matching circuit loss, Gp, is simulated and 

measured in 3 types of matching circuits: LC network, 

single and double-stub tuners on FR4 and Duroid 5880 

substrates. It is observed that in the 900 MHz and -20 to 

0 dBm input power range, more than 90% and 65% of 

input power is dissipated in the matching circuit and not 

delivered to the rectifier, in FR4 and Duroid 5880 

substrates respectively. This dissipation is decreased in 

other higher frequencies, so in 5.8 GHz, the matching 

circuit loss is less, but on the other hand, the PCE is also 

decreased as the frequency is increased. So, the loss of 

the matching circuit is dominated by lower frequencies 

(e.g., 900 MHz and 1.8 GHz) and low input power 

conditions (-20 to 0 dBm).
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                       (d)                                               (e) 

 

(c) (f) 

Fig. 9. Photos of the (a) top, and (b) bottom sides of the fabricated 4CDAA rectenna [60], (c) top view layout of 

the 4CDAA rectenna [60], (d) 5 element triangular folded monopole antenna [61] and (e) fabricated antenna [61], 

(f) the crossed off-center-fed bowtie dipole antenna [62]. 

 

It is stated that since the input power is high in other 

research, the matching circuit loss is low and its 

elimination is not considered necessary.  

In the -20 to 0 dBm input power range, 900 MHz 

frequency has maximum average PCE but highest 

matching circuit loss. Conversely, in the 5.8 GHz 

frequency band matching circuit is almost lossless but 

PCE is not acceptable. So, for compromising between 

PCE and matching circuit loss, the frequency of 2.4 GHz 

is selected as the best choice. 

In the overall conclusion, it is stated that since the 

matching circuit loss is dominant in low input power 

conditions, it should be eliminated.   

In the absence of a matching circuit, for the design of 

a conjugate matched antenna, it is shown that the 

antenna should have a high inductive impedance. 

Widely used patch antennas have poor radiation 

efficiency in these conditions, so an inductively coupled 

feeding structure consisting of a meandered dipole and a 

rectangular loop is proposed and implemented (Figs. 

10a, 10b and 10c). A rectangular loop is designed to 

match the imaginary part while the meandered dipole is 

designed to match the real part of the input impedance 

of the half-wave rectifier. This rectenna is compared to 

other with-matching circuit rectennas in the literature 

and it is shown that the proposed rectenna has the highest 

PCE in the low input power range which is the range of 

interest in energy harvesting applications. The measured 

PCE with the proposed rectenna in 2.45 GHz frequency 

is 61.4%, 50.7% and 31.8% with -5, -10 and -15 dBm 

input power, respectively. 

In another article by the same authors, [63], the input 

impedance of the rectifier and insertion loss of the 

matching circuit are more studied and it is concluded 

that for designing low-power RF energy harvesters in 

900 MHz and 1.8 GHz, the matching circuit should be 

removed. But in 2.4 GHz, the transmission line-based 

impedance matching circuit on low-loss Duroid-5880 

substrate is allowed. 

In [64], it is stated that since the low efficiency of 

rectenna in low input power levels (-20 to 0 dBm) is its 

main limitation, the following techniques are used to 

improve its efficiency:
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(e) 

 

 

 

 

 

(c) 
 

(f) 

 

 

 

(d) 
 

(g) 

Fig. 10. (a) Layout of the optimized rectenna structure consisting of an inductively coupled feeding 

structure including a meandered dipole and a rectangular loop in [29], (b) layout of the rectifier, directly 

placed on the inductively coupled-feed loop [29], (c) prototype of the optimized rectenna structure [29], 

(d) slotted antipodal Bow-tie antenna, with and without slot [64], (e) unit cell of the off-center fed 

printed dipole energy harvesting surface with dc channeling connectors [65], (f) bottom view prototype 

of the planar dipole harvester surface [65], (g) dc channeling structure for the harvesting surface [65]. 

 

 

1) Using low loss substrate as AD600,  

2) Using Greinacher topology and HSMS-2852 zero bias 

Schottky diode in rectifier,  

3) Optimizing the impedances of the antenna and the 

rectifier for perfect matching at desired frequencies 

(0.915, 1.8 and 2.45 GHz) to avoid matching the 

network and its losses, by utilizing the source pull 

technique,  

4) Increasing the amount of collected electromagnetic 

energy by using an omnidirectional antenna (Slotted 



Majlesi Journal of Electrical Engineering                                                                    Vol. 16, No. 4, December 2022 

 

73 

 

antipodal bow-tie antenna) (Fig. 10d). The main goal of 

this article is to perform source pull optimization in 

triple bands. 

An off-center fed printed dipole as a unit cell (Fig. 

10e) is designed in [65], so that its input impedance is 

directly matched to the rectifier (a single Schottky diode 

with a specific load) at a specific frequency and input 

power level. It is stated that since the size of the unit cell 

is not electrically small (as in metasurfaces), the amount 

of power absorbed by each unit cell is large, so the turn-

on time of the diode and consequently the conversion 

efficiency is high. DC combining is accomplished by 

introducing small DC connections between 9×3 unit 

cells (Fig. 10f), so the DC power is channeled to the load 

(Fig. 10g). 

In [66], a half wave rectifier in a specific operating 

point (load, frequency and input power) is equipped with 

a single open-ended stub, as a single matching element 

(Fig. 11a), to have a near 50 ohms input impedance. 

Then the standard 50 Ω rectangular patch antenna is 

modified and optimized (Figs. 11b and 11c) to be 

conjugately matched to the near 50 Ω rectifier. It is 

stated that the previous works (including [53] and [62]) 

that eliminate the matching network completely, have 

antennas with impedances that are far from 50 Ω, which 

are not so effective. Although the -20dBm input power 

is used as an operating condition in the optimization 

process and simulations in this article, experimental 

conditions are not clarified to be equal to this condition 

and should be verified. It is stated that a 56% RF-to-DC 

conversion efficiency is obtained when the rectenna is 

placed at a 10 cm distance from the 1W transmitter. 

In [67], it is stated that since the ambient RF power 

densities in the environment are normally very low, 

designing a rectifier that is highly efficient over a wide 

range at these power levels is impossible. One way to 

overcome this limitation is to utilize larger 

electromagnetic (EM) collectors such as frequency 

Selective Surface (FSS) structure per rectifier (Fig. 11d). 

So, even at low power densities, the collected energy is 

large enough to drive the rectifier to its peak conversion 

efficiency region.   

 

 
(a) 

 

(d) 

 
(b) 

 

 

(e) 
 

(c) 

Fig. 11. (a) Matching element and rectifier circuit topology used in [66], (b) geometry of the patch antenna in 

[66], (c) prototype rectenna built in [66], (d) unit cell of the FSS absorber in [67], (e) rectenna consisting FSS 

absorber and full-wave rectifier in [67]. 
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The FSS structure has an input impedance of 377 ohms 

and channels the energy to the rectifier. Integrated with 

the FSS structure, there is a full-wave bridge rectifier 

that is matched to the FSS structure using a simplified 

matching network (Fig. 11e). For achieving high 

efficiency, the full-wave bridge rectifier requires more 

input power than the half-wave rectifier. This higher 

input power level is achieved using channeling 

properties of the FSS structure. A different number of 

unit cells in the FSS structure is examined and it is 

concluded that although the absorption efficiency is 

decreased with an increasing number of unit cells, as the 

physical area becomes larger, the collected power at the 

load increases considerably, even with lower 

efficiencies. 

In [68], a microstrip patch antenna is modified and 

used for direct conjugate matching to the rectifier.  

 

 
(a) 

 

 
                                                   (b)                                                              (c) 

 

Fig. 12. (a) The rectenna design (including off-center-fed patch with two pairs of shorting pins) [68], (b) 

the layout of the proposed frequency-selectable rectenna (including off-center-fed patch with different 

shorting pins) [68], (c) the fabricated rectenna example [68]. 
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Since the complex input impedance of the rectifier is 

of high values at the desired frequencies, and the high 

impedance of anti-resonances of the patch antenna can 

be used for direct matching. But the frequency 

bandwidth of the center-fed patch (CFP) is narrow. So, 

to create a multiband antenna, an off-center-fed patch 

(OCFP) is built by rotating the CFP around its center. 

This causes the current distribution on the edges of the 

patch to be unbalanced, which creates several 

resonant/anti-resonant frequencies between the CFP 

antenna’s first and second resonant frequencies. This 

adds more frequencies for matching the high impedance 

of the rectifier. Another way to modify the current 

distribution on OCFP and have one more anti-resonant 

frequency in the desired band is by adding two 

symmetrical pairs of identical shorting pins on the OCFP 

(Fig. 12a). In this way, a total number of 4 anti-resonant 

high impedance frequencies in the desired band are 

created, which are suitable for direct matching. Also, by 

shifting the positions of the mentioned pins manually, 

these 4 frequencies can be changed, so we will have an 

adjustable multiband antenna suitable for direct 

matching to the rectifier in different frequencies (Fig. 

12b). 

An important point in this design is that since the 

matching impedances of both antenna and rectifier are 

of high values larger than 50 Ω, the effect of reflection 

coefficient variation due to impedance variation of the 

nonlinear rectifier is not so big compared to the standard 

50 Ω system. So, this configuration is more resistant to 

the variation of operating conditions, and a wide range 

of input powers and load impedances can be used. 

Another mechanism that is used for accepting 

multiple input polarization waves with a wide power 

range in this research, is to introduce three ports on other 

edges of the OCFP antenna, so that ports 1 and 3 are 

orthogonal to ports 2 and 4, respectively. Rectifiers RC1 

to RC4 are connected to ports 1 to 4. If the output DC 

power of RC1 is combined with RC2 (and also RC3 with 

RC4), the rectenna can receive and rectify orthogonal 

polarization waves. RC1 and RC2 are tuned for low 

input power, while RC3 and RC4 are for higher input 

powers. So, a wide input power range with multiple 

polarizations is achieved (See Fig. 12a). 

The other feature of the proposed rectenna is the 

insensitivity of the system to chang the types of diodes 

in the rectifier. This is mainly because of the high value 

of matching impedance as discussed above. 

So, a multiband rectenna with a simple structure, that 

has a double polarization antenna, wide input power and 

load impedance range, and is relatively insensitive to the 

types of diodes in the rectifier is proposed in this article 

(Fig. 12c). 

It should be mentioned that the proper impedance 

matching in this article is justified with relatively high 

rf-to-dc efficiencies obtained in a relatively high (0 to 15 

dBm) input power range. 

The concept of Tightly Coupled Antennas (TCA) is 

used in [69] with unit cells of half wavelength size. An 

array of unit cells, which are Vivaldi antennas (Fig. 13a), 

is designed such that its surface is matched to the free 

space wave impedance for maximizing the received AC 

power before channeling it to the rectifying diode. The 

impedance of each unit cell is adjusted to conjugately 

match the rectifying diode for eliminating the matching 

network. A simplified DC combining network is 

designed that uses an inductor between adjacent cells 

(Fig. 13b). These simplifications lead to a reduction in 

the total size, cost and loss of the system, in comparison 

with other solutions such as metamaterial arrays.  

For a comparison of TCA and metasurface arrays, it 

is mentioned that metasurface arrays are reported to have 

high radiation-to-ac efficiency because of the smaller 

electrical size of their unit cell compared to the TCA. 

But the number of cells in the same area is much higher 

in the metasurface array than in TCA and the resonators 

are very close to each other. So, designing a DC 

combining network in metasurface arrays is a 

challenging task and adds extra costs and complexity to 

the system. 

Having stated the above advantages of TCA, it is also 

mentioned that the metamaterial cells are better choices 

than TCA in applications where the footprint area of the 

array is constrained (such as implantable devices or 

remote sensing). Also, since the proposed rectenna 

application is limited to situations where a single normal 

incident wave is present, it is more appropriate for 

Wireless Power Transfer (WPT) than for Energy 

Harvesting (EH) applications, where the incoming wave 

direction is not known. 

In [70], the hands of a clock are equipped with semi-

loop and annular loop structures on a PCB to be 

considered as an antenna (Fig. 13c). The input 

impedance of a voltage doubler rectifier (Fig. 13d) and 

that of the mentioned antenna are simulated and matched 

in specific operating conditions without using any 

matching network. The effects of clock hands positions 

and annular loop radius on the antenna input impedance 

and radiation pattern are studied. It is concluded that 

proper impedance matching for specific operating 

conditions (frequency bands, input power level and load 

impedance) and conversion efficiencies over 50% can be 

obtained.  
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(a) 

 
(b) 

 
(c) 

 
(d) 

Fig. 13. (a) Unit cell of a TCA Harvester including a Vivaldi antenna [69], (b) the 4 × 4 TCA array [69], (c) a 

view of the clock as an antenna equipped with semi-loop and annular loop structures [70], (d) rectifier layout and 

its equivalent circuit [70]. 
 

2.3.  Recent Works (2019-2021) 

In [71], an energy harvesting surface (EHS) is 

designed using electrically large unit cells (compared to 

metasurfaces that use electrically small unit cells) and is 

used to increase the amount of received power per unit 

cell and consequently increase the turn-on time of the 

rectifying diode in each unit cell. Each unit cell is 

designed to have input impedance matched to the diode 

in specific operating conditions. Also, the unit cell that 

consists of a cross dipole antenna with a rectifying diode 

in each arm (Figs. 14a and 14b), is capable of harvesting 

energy from multiple linear polarizations (Figs. 14d and 

14e). Another advantage of this work is that the DC 

channeling network is in the same layer of the antenna 

and rectifier, so there is no need for vias or an extra layer 

for the DC channeling network. This is done by using 

connecting inductors between unit cells that act as ac 

filters also (Fig. 14c). 

Circularly polarized (CP) antennas are more likely to 

receive energy than linear polarized ones. So, in [72], a 

2-layer CP antenna consisting of two Archimedean 

Spiral arms (Fig. 15a) with an Artificial Magnetic 

Conductor (AMC) reflector (Fig. 15b), with an air layer 

in between (see Fig. 15c), is designed. The antenna is 

conjugately matched to the rectifier for achieving more 

efficiency. The two spiral arms have stepped width and 

distance, to tune the impedance of the antenna to the 

rectifier at 3 different frequencies in a 400 MHz band. 

The AMC reflector has 3 effects: it results in a 

unidirectional hemispherical beamwidth, it has more 

bandwidth than metal reflectors, and since it is formed 

by four-unit cells, it acts as an FSS that has a harmonic 

filtering effect.  

In [73], a high-power rectenna without a matching 

network is proposed, using an inductive folded dipole 

antenna (FDA) and a bridge rectifier (Fig. 15d). The 

complex impedance of the antenna is tuned by varying 

the short point place between the antenna elements (see 

Fig. 15e).   

In [74], a Double Negative (DNG) substrate is 

formed by embedding high dielectric constant particles 

in a low dielectric constant host. Then conformed planar 

dipoles with a special layout are printed on the DNG 

substrate to make an antenna (Figs. 16a and 16b), that 

has good performance in gain and efficiency and also 

can be conjugately matched to the full wave rectifier. So, 

the rectenna with good performance without a matching 

circuit is formed. The effect of the DNG substrate is to 

improve the gain and efficiency of the antenna with 

respect to the simple substrate, and to change the 

antenna’s input impedance, enabling it to be matched to 

the rectifier directly.
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(a) 

 
(b) 

 

 
(c) 

 
(d) 

 
(e) 

Fig. 14. Layout of the cross-dipole EHS’s unit cell and array. (a) 3D view of the unit cell (left), dielectric 

layers on side view (right) (b) top view of the unit cell, (c) bottom view of 4×4 cross dipole EHS array with 

dc channeling structure and dc current flow, (d) Dx diodes are ON when E-field is in the X direction, (e) Dy 

diodes are ON when E-field is in Y direction [71]. 

 

An electrically small Huygens Circularly Polarized 

(HCP) antenna, which uses the concept of Near-Field 

Resonant Parasitic (NFRP), is designed in [75]. The 

antenna consists of a driven loop element and a crossed 

pair of balanced electric and magnetic NFRP dipole 

elements (see Figs. 17a to 17d).  

The properties of the antenna are: circularly 

Polarized (CP), so there is no polarization mismatch; 

electrically small size, so it is compact and can be fitted 

into many wireless power transfer applications with 

Limited space; HCP antenna with a driven loop element 

has inductive input impedance, so it can be directly 

matched to a full wave rectifier which has a capacitive 

input impedance without using a matching network; 

thanks to the matching network elimination, AC to DC 

conversion efficiency using full wave rectifier with 

Schottky diodes is high (~ 90%); and the antenna has a 

half-power beamwidth of around 130o and gain greater 

than 3 dBi. 
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(a) 

 

 

(d) 

 
(b) (e) 

(c) 

 

Fig. 15. (a) Top layer spiral antenna and its side view from [72], (b) bottom layer AMC and its side view 

[72], and (c) complete antenna side view [72], (d) circuit schematics and (e) layout of the configuration of the 

2.4 GHz band rectenna consisting of inductive FDA in [73]. 

 

 

 

 
(a) 

 
(b) 

Fig. 16. (a) 3D view and (b) top view of the special planar dipole antenna printed on the DNG substrate [74]. 
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(a)                                    (b) 

 
 

                           (c)                                           (d)             

 

Fig. 17. (a) Bottom view of the HCP antenna, (b) enlarged view of the driven loop element, (c) perspective view 

(top) and side view (bottom) of the entire HCP rectenna system, (d) layout of the vertical substrate#4 and the 

integrated rectifier (top), rectifier circuit model (bottom) [75]. 

 

 

 

 

 
(a) 

 

 
(b) 

 

 
(c) 

 
(d) 

 
(e) 

 

 
(f) 

 

Fig. 18. (a) The geometry of the fractal-based antenna in [76], (b) layout of the bowtie slot antenna in [77], (c) 

bottom layer of the prototype of the bowtie slot rectenna with bowtie slots etched on the ground plane [77], (d) top 

layer of the bowtie slot rectenna including antenna’s feeding network and connected harvester [77], (e) differential 

voltage doubler rectifier layout from [78], (f) high-impedance FDA in [78], layout (top) and photograph (bottom).  

 

 

In [76], an ultra-wideband fractal based cardioid 

shaped antenna on a reduced ground plane is designed 

(Fig. 18a). It is shown that the input impedance of this 

antenna is inductive over a broad range of frequencies 
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and so, it is roughly suitable for being directly matched 

to a Schottky diode with capacitive input impedance.  

In [77], a mixed thermal and RF power harvester is 

designed. The thermal harvester dc output voltage is 

used to bias the Schottky diode so that its operating point 

shifts to the higher power conversion efficiency region. 

An array of two Bowtie Slot antennas that is said to be 

directly matched to the diode (based on the [62]) is 

designed and used (Figs. 18b to 18d).  It is shown that 

the system without the matching circuit has higher 

efficiency than with the matching circuit. 

In [78], an electrically small flexible rectenna in the 

sub-1 GHz band is co-designed using a voltage doubler 

rectifier (Fig. 18e) and a high impedance planar folded 

dipole antenna (FDA) (Fig. 18f). First, the rectifier 

source and load impedances are optimized using an 

iterative method to reach the maximum power 

conversion efficiency (PCE), then the parametric study 

of the antenna is performed to directly match its input 

impedance to the rectifier. 

While in [78], the antenna’s conductor was solid type 

and fabricated using standard photolithography on a 

polyimide copper-laminate, in [79] the antenna is 

meshed type Folded Dipole Antenna (FDA) suitable for 

additive manufacturing such as direct-write or screen 

printing, which has lower printing cost and time. 

Meshed-type antennas can be optically transparent and 

suitable for some applications such as solar cell antennas 

and smart displays. So, a low-resolution meshed type 

antenna with features larger than 1 mm is designed with 

high input impedance, to be directly matched with a 

capacitive rectifier or RFID IC (see Fig. 19a). 

In [80], a technique rather than conjugate matching 

is used for building a small-size rectenna. An antenna 

consisting of two layers, each layer having a 2 by 2 array 

of octagonal elements, and a ground plane as a reflector 

are designed (Figs. 19b to 19e). It is shown that this 

antenna has a wide load impedance response so the 

efficiency of the antenna is high for a range of load 

impedances. In this way, it is stated that different types 

of diodes can be used as the rectifier without analyzing 

their input impedances and without using any matching 

circuits since the antenna load impedance response is 

wide. So, the rectenna is built without a matching circuit 

and the requirement of conjugate matching between the 

antenna and rectifier. Also, it is stated that by series or 

parallel connection of two layers, different output 

currents and voltage can be configured, which can be 

used according to the rectenna load requirements. 

In [81], an asymmetrical fractal bow tie slot antenna 

is designed and proposed for RF energy harvesting (Fig. 

20a). It is stated that an asymmetrical bow tie slot 

antenna, as compared to a symmetrical type, has a 

resonant frequency in the interested frequency band and 

also has an inductive input impedance, that is suitable 

for direct conjugate matching to the rectifier (with 

capacitive input impedance) in energy harvesting 

applications. Then, for gaining more bandwidth, while 

maintaining the impedance and radiation characteristics, 

the use of the Sierpinski fractal antenna concept is 

proposed. It is expressed that with this antenna design, 

direct matching with the rectifier is more possible, 

although the complete rectenna (including the rectifier 

circuit) is not analyzed in this article. 

Antenna optimization is used in [82] to design a 

meander line antenna combined with spiral and folded-

shaped structures (Fig. 20b), to form a small size antenna 

that is directly matched to the rectifier in RF energy 

harvesting applications. This antenna geometry is 

considered for both Patch Antenna (PA) and Slot 

Antenna (SA) (SA is the complementary structure of 

PA). 

At the first step of the design, the geometrical 

parameters of the proposed antenna are swept in the 

allowed range by trial and error, to find the geometry for 

the acceptable conjugate match to a specific rectifier. 

This procedure is done in the CST simulator.  

In the next step, the resulting geometry of the first 

step is used as an initial PA (IPA) to a Particle Swarm 

Optimization (PSO) algorithm in MATLAB together 

with the CST simulator, to find the Optimum PA (OPA) 

geometry. A fitness function is proposed to consider the 

reflection coefficient at the desired resonant frequency 

and also the lower and higher limits of the frequency 

band.  

The resulting OPA has good performance in 

reflection coefficient in the resonant frequency and -3 

dB impedance bandwidth, but has not good efficiency 

and gain performance in the desired frequencies. The 

complete rectenna (including the rectifier) is not 

analyzed in this article. 
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(a) 

(b) (c)    

 
(d) 

 
(e) 

 

Fig. 19. (a)  Layout of the meshed type FDA with different mesh spacings in [79], the array of octagonal 

elements in rectenna of [80], showing top views of (b) layer 1, (c) layer 2, (d) perspective view, (e) side view. 

 

 

 
(a) 

(b) 

Fig. 20. (a) The geometry of Sierpinski fractal asymmetrical bow tie slot antenna [81], (b) the OPA consisting 

of meander line antenna combined with spiral and folded shaped structures [82]. 
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3.  COMPARISON OF SOLUTIONS  

In Table 1, the key features of the above studies are 

mentioned as a reference to compare the research. These 

key features include frequency of operation, input power 

level, efficiency, antenna type, rectifier topology, etc. 

 

Table 1. Key features of the reviewed articles. 
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Table 1. (Continued) Key features of the reviewed articles 

 

As can be seen in the table, there are considerable 

efforts in designing rectennas working in different 

frequency bands, multiple polarization of incoming 

waves, different input power levels, antenna and rectifier 

topologies, substrate material and so on. The mentioned 

parameters are presented in table 1 for comparison of 

works. 

 

4.  DISCUSSION 

Although general rectenna systems have a relatively 

simple structure, there are some challenges in their 

design, which should be clearly understood to enable the 

designing of efficient systems. As it can be learned from 

literature, we may face the following issues: 

- For maximum power transfer from the antenna to 

the rectifier, normally a matching circuit is used in 

between. But the matching circuit itself introduces some 

losses that cannot be neglected especially in low power 

conditions. This is the first challenge that should be 

addressed and one of the mentioned solutions is to 

remove the matching network from the circuit and use 

direct matching antennas. 

- Rectifying diodes are nonlinear devices whose 

input impedance varies with input power. So, if a 

matching circuit is designed and used according to the 

predetermined rectifier input impedance, and inserted 

between the antenna and rectifier, the input impedance 

of the rectifier will be different after inserting the 

matching circuit, since the input power to the rectifier 

will be changed. So, the matching circuit should be 
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designed again according to the input impedance of the 

rectifier after inserting the matching circuit. This 

introduces a difficulty in matching circuit design and 

suggests eliminating the matching circuit from the 

system and designing an antenna with an impedance that 

is directly matched to the rectifier. 

- So, removing the matching circuit helps simplify 

the design procedure, and reduce the size, cost and losses 

associated with it, but requires designing non-50 Ω 

antennas that their gain and efficiency are not as good as 

standard 50 Ω antennas. This will reduce the system’s 

performance. 

- One of the solutions to the problem of low antenna 

gain is to use large antennas, but this will be in contrast 

to the requirement of small-size rectennas. So, designing 

small-sized antennas with acceptable performance, such 

as metamaterial-inspired antennas, can be considered for 

new rectenna systems. 

 

5.  CONCLUSION 

A review of antennas in rectennas without a 

matching network is done. Different antenna types and 

topologies for the mentioned rectennas have been the 

subject of research in recent years, which include 

standalone and array antennas with some of them 

inspired by metamaterials. Removing the matching 

circuit is a key element in these designs since it has the 

benefits of simplicity in the rectenna design procedure, 

reduction in the loss, cost, weight and size of the system 

and yields more efficiency especially in low power 

conditions. 
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