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Abstract

With the rapid development of wireless systems affl the demands of low-power
electrical circuits, various research methods often study the feasibilitgof installing
these circuits by harvesting free energy in a power supply or using a dedicated RF
source. Wireless transmission technology (WPT) was first adopted by Tesla a
(3:ndred years ago. However, it has faced several challenges of deploying actual
applications. Recently, energy harvesting technology and WPT technology have
received a lot of attention as a clean and renewable energy source. The Rectenna
(rectifying antenna) system can be used to remoteff charge over multiple sensor
networks online of app objects as they are widely used in smart devices, installed
medical devices and automotive applications. The Rectenna, which is used to
convert from RF power torDC power, is mainly a combination between an
EFquired antenna and a redirect circuit. This chapter will introduce a number of
single and multiband rectennas with various features of energy harvesting
applications. One-to-one multiband horns @@d repair circuits with similar
networks are included in the fulgly-fledged cireuit models. At the end of the
chapter, a model with a double-band rectenna is presented with a detailed
description of each part of the rectenna.

Highlights: Dedicated RF souree, directional radiation pattern, highly beneficial

antenna, rectenna (adjusting antenna), RF power harvest,
wireless power transfer (WPT)

Chapter 1
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1. Introduction

Wireless power transmission (WPT) can be divided into three distinct categories as shown in Figure
1: a potential field adjacent field,

empowered to com d a distant field, and to harvest the most distant field of fields. In the first
stage, usually occurs between two coils, one is primary and the other is secondary. The main
purpose is to transfer power from the main coil to the second coil by several inches as a distance
between them [1-3]. Many proposed DGS projects (DGS) are proposed for this type of wireless
power transfer [4-6] to provide optimal system efficiency.
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Recent Wireless Power Transfer Technologies

Buried
sensor From far-
field
(Ambient
Power energy)
generator
(Transmitter)
(a) (b) (c)
Figure 1.

The WPT categories are (a) strong adhesion or metal welding near, (b) remote field empowerment and (c)
remote wireless power harvesting.

The second stage of the WPT is a long-distance demonstration power that is used by transmitting command
power which meangghat the transfer takes place in the most remote area but with a well-defined source
directi@q. This type of WPT is useful for solar power applications (SPS) [7-9] or by deliberately installing
power such as using a supply source with a well-known direction to power the wireless sensor network, each
sensor has a built-in rectenna used'as arenewable energy sgirce to power the connected sensor . The third
type is to harvest the power of a distant field. The recipient does not know what the direction of the
received power is. Therefore, one of the main objectives of this model is to increase the chances of
acceptance by designing antennas with a wide range of frequency and maximum resonance frequency.
WPT r the field provides short-term power solution for electronic devices, becoming widely marketed in
many wireless applications [10 - 12]. Nearby field transfers can also help with wireless devices [#0- 13].
However, nearby field WPT has a major problem with regard to transmission distance, covering very short
distances (a few inches); therefore this reduces its use. On the other hand, & dedicated ote source power
system or free stand-alone power system may be able to overcome this problem due tang—distance
charging capacity. %eral studies have been presented in the wireless power harvest [16 - 25]. Although,
with a strong focus on wireless energy harvesting, there are many obstacles in the way of harveating free
energy sources. One of the major drawbacks is the low ambient power input rg§es. As a result, there are
many research papers presented by recteners at low levels of electrical input. However, single-band
rectennas have simpler structures, many research stlnes [26 - 31] have investigated multi-band rectennas
as an attempt to increase the split strength obtained with the same rectenna device; introduced various
individual and multiple rectennas. Also, there are significant challenges with regard to the performance of
the rectenna in terms of constant volatility values in the rve of signal obtained. Therefore, Section 2
introduces the literature study on the performance of the single and plural frequency ofglifferent rectena;
also, various designs of rectennas that operate with lower input and higher in diameter are discussed.
Finally, in Section 3, a dual-band rectenna using a voltage doubler receiver and a four-phase network is
discussed as anexample of taperformance of two bands to show the various stages of the entire rectenna
system in detail. A two-band antenna is, first, designed, built and measured separately to test antenna
performance. After that, the rectifier with the same network between the antenna and the repair circuit is
also designed and tested independently. Thereafter a coupling between the antenna and the rectifier was
performed on the same PCB substrate.
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Chapter 2

2. Literature review

Low input received power rectennas

In [32], a compact dual-band rectenna is proposed as depicted in Figure 2. The
rectenna has a conversion efficiency of 38 and 31% at 900 MHz and at 4.45 GHz,

Rectifier

L]

Figure 2. =l TN 4 ™ /’-
Rectenna design: (a d si&eﬁb) fatﬁated re prototype _‘ | j
5 - ‘ 7
(4]
L y
Top Layer
¥ Substrate l
El Top Layer Bottom Layer L. x Bottom Layer  Director
(a) (b)
Figure 3.
Layout of the quasi-Yagi subarray. (a) Top view. (b) Side view [33].
3
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Recent Wireless Power Transfer Technologies

respectively, with an input power of 10 dBm and a resistance load of 22.1 k. Dual-band

In this region we are talking about the circle with different wavelengths in the rectenna and yagi uda antenna
d their frequency measurements

rectenna using Yagi antenna for low power irfflit applications shown in Figure 3 introduced in [33] GHz with
an input power of 10 dBm. The link between solar energy and RF energy harvesting is discussed in [34]. This
solar rectenna, shown in Figure 4, achieves 15% RF-DC performance conversion with a input power of -
25dBm at 990 MHz and

245 GHz. At [35], the 130 nm PMOS rectifier is proposed for ultra-low input power. Figure 5 shows tif£)
structure of the rectenna. It consists of 10 stages of providing maximum performance of 45.86% in -19 dBm

input power and DC voltage of 4.36 Vin
) /.. \\ 1-
\ 6.5 mm
L

Figure 4.
Hybrid solar/EM rectenna [34].
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{a) Proposed RF rectenna eguivalent circuit, (b) self-compensated rectifier [35].
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(a) Complete prototype of the rectenna, (b) measurement set-up for rectenna system [16].

Figure 6.
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1

load resistance 0.6K€2. A compact co-planar waveguide-fed rectenna using a
single Cock@foft Walton rectifier platform with the same L-shaped network
impedance, shown in Figure 6, is presented in [16]. The efficiency of RF-DC
conversion is 68% with the accepted input signal strength of 9 dBm at 6.45 GHz.
The rectenna also provides transformation performance of around 43 and 30% at
-19 and -22 dBm, respectively.

The next dbm rating is the input rate in the output visewersa

1

2.2 Single rectenna and multi-band

1

An easy way to harvest energy harvesting from agngle frequency band; this
also makes the design of a compatible circuit, wigich is used to transfer high
power between the receiving part of the antenna and the repair circuit, a little
easier. In [38], a pentagonal antenna is used with a single-series connecting diode
to produce a single band at 7 GHz. The rectenna has a maximum conversion
efficiency of 48% at a resistive load,of 5 MQ. At [37]. a 3 *2 rectangular patch
array with a gain of 15.6 dBi is used for the stages of Dickson's power
harvesting pipeline. The rectenna operates at 915 _MHzﬂ:igu!re_'T sﬁézv!@?;he
antenna list and the repair circuit. The total processing efficiency is-4 1% at an
input fgwer of 10 dBm. A circular antenna with a circular shape was introduced
by the X-band planar rectenna (at 3.6 MHz) as shown in Figure 8 [38]. The
rectenna provides an effective RF-to-AC conversion efficiency of about 21% for
the input power of

156 pW /'em3. A 45 GHz rectenna using a 3 x 4 palch an@hna array, shown
in Figure 94 is proposed in [39]. The overall efficiency of the RE-to-de
conversioniis 45% with an input RF acquired of 15 mW.

Due to the variability in the transmission bands of various wireless systems,
there is-a large amount of energy wasted at different frequencies. As a result, the
the need for harvest from different groups is growing. In [40], a rectenna is
fitted with a triple band. It operates at 406 Mgjz. 534 MHz and 6.48 GHz with an
antenna with integrated and winding design. Figure 10'shows the antenna design
in addition to the reconfiguration design. Provides 69% conversion efficiency of
10 dBm input power with 6 MCQ load resistor. The integrated rearrange antenna

is int ced on [41] dual band alignment 4.6 and

6.6 @Hz, The rated maximum conggrsion power of the proposed rectenna is
68.5 and 58.9% at 6.20 and 4.6 MHz, respectively, with 16 dBm input power:
The type of rectenna formed is'shown in Figure 11. The double band-_.c;écﬁﬁ-na
was developed in [42]. Planar converted

The F-antenna is used with a voltage doubler circuit to set up a double band
rectenna. The rate is less than 3.6 Khz where the frequnce begins to range its
maxinglm power to vary the frequency of the circuit

By increasing the number of frequencies at which the rectenna can harvest,
the weight of the corresponding circuit and the size of the rectenna increases.
Therefore,

Dy

m(:?nrm L'.il IZ Cy - :
e, ]|
| 4D

LENT
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Figure 7.
Six elements antenna array (a) fabricated patch antenna array, (b) fabricated rectifier [37].
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Microstrip Gap Capacitor

Figure 8.
Geometry of the X-band rectennu [38].
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Figure 9.
Fabricated rectenna {38].

The dual-band is the most unique approach to the constructiongrectenna systems because it combines
between simplicity and fraud from more than one frequency band.

2.3 Extensive installation with electric rectennas

Several studies have been proposed to ensure the more flexible performance of AC-DC over a wider input
power band. In [43], a double-band rectifier with a range of input power is suggested. The adjustment and
design scheme set is shown in Figure 12. The adjustment provides more than 30% performance with an
input range power from 17 to 30 dBm and here
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maximum value is 66% from 6 to 16 dBm. Impedance compression network (ICN)
techniques is discussed in [44] to fix RF-Ac conversion efficiency over a wide band
of input power by maintaining the value of input impedance for the rectifier fixed

Layer1

Superstrate £=10.2
22 Substrate £,10.2
Substrate £,510.2 N |

10mm

10mm
(b)

(a) Triple band antenna, (b) rectifier design and a photo of a fabricated rectifier [40].
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Figure 11.
Fabricated reconfigurable rectenna [41].

GSM-300
GSM-1800 =

Figure 12. -,
Schematic diagram-and fabricated circuit [43].

1
i - 1 T
IR ! Matching  IDiode Ref Plane =
network

| ' > 1
Z ICN me anl | Zreﬂ‘

L9 L1 7x10 fr2l B.2x96
L3 [1.7x56 14 1.7 x104
T junction [TL3 Jl.7x5 [IL6,. [7.2%§
< TLI0O [TL7 [1.7x20 [TL8  [P9x96
L9 [1.7x8 [TL10 [1.7x8

|Zu'u.l('.\' Unit: mm
Figure 13.

Layout of the rectifier [44].

regardless of the amount of input power. Figure 13 shows the corrective adjustment. The conditioner has a
minimum conversion efficiency of 66% at 45.6 dBm and the input power range of more than 56% is 8.7 dBm
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Chapter 3

5. Dual-band Retina using voltage

double rectifier and four-section
matching network

This section introduces a double-band rectenna with a full performance conversion of 65 and 56% at f1 = 2.66
and f2 = 3.6 GHz, respectively. in addition to a wide band of input band, 16 and 14.6 dBm for better
performance more than 50% in f1 and 2, respectively. The structure ()fnc stage 1s as follows: In Section 2.6,
arope construction is introduced. Thereafter, the rotation equivalent to the antenna is discussed in section 3.2,
Antenna effects (coefficient coefficient and radiation signals) are discussed in Section 3.3. The simulation
network of the dual-team rectifier-antenna is described in section 3 4. The restructuring structure with
geometric parameters is shown in section 3.5. The layout of the rectenna test is set in section 3.6. While
rectenna (nmli()n incorporates the efficiency of RF-DC conversion over AC power output on both belts
discussed in section 3.7.

Dual band rectenna to find a suitable filter for a two-band antenna based on colarization was a design that the
antenna suggestion to make a building parameter without CSRR is common. A standard antenna designed for
a multi-band.

Construction design

1
At this stage, an impmvedgllenna design [45] is introduced which will be used to modify the rectenna
system. Figure 14 shows the shape of the proposed horn. As shown in the figure, the antenna encloses two
layers of substrate (clips 1 and 2). The two layers have the same substrate material with dielectric equilibrium
erl Vs er2 ' 4:66, size h1'=h2 = 0.356 mm and a loss tangent of 1.023. The antenna design consists of a disc
antenna printed on the-top layer of substrate 1. The resonance frequency of this disk is equal to the disc radius
as shown in Eq.(1) [46] which may be determined in Eq. (2) [46].

Reflecting
lane
This disk is directly connected to the 56Q microstrip line using a radio0.6 mm. Alse, this disc feeds (by

combining) a circular ring in the ground plane between the feed line and the light park, a square plane with a

reflectof@iiructure (DRS) placed behind e antenna at a distante ofd - 6 t@ imprave antenns gain and improve frontand hack measurement, The display is
built on a 0.6 mm thick FR4 substrate with 2 diclectric thickness of 6.4 and a missing tangentof 0004, The display is supported by a 15 mm thick layer

Figure 14.
3D geometry, perspective view and side view of the proposed disc antenna {45].

oam with continuous dielectric (er ¥ 1.36). The size of the substrate is as follows 1
40 mm x 40 mm. The selected antenna is similar to a person qualified to harvest RF power from mobile radio
waves (f2 = 2.63 GHz) and to WLAN wireless communication systems (f1 = 348 GHz).

2:8412v0
10
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fr V4 2ma p Hiffiffiffi

3.2 Equilibrium circuit of the propesed antenna (modeling patch antenna)

The first challenge of designing a parallel circuit was to find an accurate model of the pffiposed antenna in £2
and 3. Figure 15 shows the equivalent circuit used to mimic the antenna p-:)welnlpply in response to-an input
RF input signal. Itis helpful 1o use this model using the basics R2, L3, and C3, which represent the C1
influence of thenrst frequeney of words (f2), while R3, L1, and C3 represent the second frequency of
frequency (13). Elements L3 and C2 are included in the parallel circuit to represent the electrical length of the
feed line and the slot joint. respectively. C2 resistance is similar to the loss of output.

Each radiator (disk and slot) is represented by a connector. Each controller contains a corresponding RLC
circuit, the frequency of each weight can be determined from Eq. (3):

1
f'r V4 2mp tHiffiffiffiefifei

3

First, each resonator is read differently. S-pil(':llTlClEnil(C calculated from the Agilent ADS simulator. After
that the mant and cutoff waves are determined (f0 and fc in GHz, respectively). The initial values of each
R and L Tln be ealculated from Egs. (4) and (5) [47, 48].

Resonator 1

e ——— o —

T AtY A
I r‘"" 1
1 R2 1
- L""' L]
1
| c2 :
i
m 1
HHE— ! " i
el e Rl b et of
T RRCTRR . —
o § I L3
o I |
= | i
g | - -4::.4 N
o | v e :
23 ) : Terminal
Q
i o s oo’ port
=

Figure 15.
Equivalent lumped-elements circuit for antenna in ADS

1
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Cp Y
x
ofo

5fe
.f

2XpF (4)
(&

Lp-C

250

P

ofo

N2 nf (5)

where Cpis capacitance in picofarads and Lpis inductance in nanohenrys.

Table 1 summarizes the initial values of R.and L in the two operating frequencies.

Loss resistance can be determined in band factor (Q) -frequency bandwidth (BW) relationships as:
w()

Q% BW U ol

RC (6)

fOno fc CH(C

F 5 fe pF)L! (Lp Y 250

2nH)

al:f2- 2] Cplnf O]

Resonator 1

(f0=245GHz &

- 225GHz)

Resonator 2

(f0=1.95GHz &

fe=1.65GHz)

Atfe = 225 GHz and ar f0 = 245 GHz, then: Cp = 3.8 pF
At fc = 165 GHz and at f0 = 1.95 GHz, then: Cp = 2.4 pF
Arf0 = 245 GHz and Cp = 3.8 pF, then: Lp = 1.11 nH

At fi) = 195 GHz and Cp = 2.4 pF, then: Lp = 2.8 nH

Table
Initial L and C values of the two resonators.

12
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Parameter RI (Q) LI (nH) CI (pF) R2 (Q) L2 (nH) C2 (pF) L3 (nH) C3 (pF)
Number 750 10 1.7 500 1.394.15 100.2

Table 2.
The material values of the circuit model equal ro the dual band antenna.
0 Pl T
104
)
Z 204
< —=—CST
-30- == ADS
—— Measured
-40 - T - T Y t
1.5 2.0 25 3.0
(Frequency (GHz))
Figure 16.

Reflection coefficient of the proposed antenna.

13
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2
when the frequency bandwidth of electrical energy is tested from Eq. (7).

1
BW 1 RC (7)
Thereafter, the resistance loss (R) of each resonator can be determined as:

1

R.BW x C (8)

After combining the two resonators, taking into account the loss-resistant effect (R1 and R2) in addition to
efficiency, a similar final circuit can be obtained. The corresponding values of the regional equities are shown

in Table 2.
—s— Simulated Co-pol = Simulated Ca-pal
——Simulated X-pol = Simulated X-pol 0
o ~— Measured Co-pol 0 G Measured Co-pol
= = Measured X-pol = = Measured X-pol
104
-10
~20 4
20 300
30+
-30 dl
40
-40 {270 90 270 90
A0+
-30 50l
201 249 g 120 20 120
o 10+
(] 0-
180 180

(a)

—a—Simulated Co-pol

— Simulated X-pol —a— Simulated Co-pol
o, — —Measured Co-pol 0 —— Simulatad X-pol
= = Measurad X-pol = 0 — = Measurad Co-pal
104 F = = Measured X-pol
104
20 300
a 20
-40 ™
270 90
40 4 404270 20
=30 -304
-204 240
-20 120
-10
-10
]
180 0-
180
Figure 17.
2D measured and simulated results of radiation pattern for the antenna: (a) at 1.95 GHz and (b) at
2.45 GHz.
13
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Antenna measurement results

Designed antenna S-parameters

Figure 16 shows the proportional response of the antenna obtained in the CST simulation compared to
the calculated response of the equivalent circuit model using the Agilent ADS software in addition to the
indicated coefficient of display. Good agreement wasftween the results of the standardized, rated
environment and ADS. The antenna sounds in both 4.95 GI—“fl) and 4.25 GHz (£2) bands. The circular
band is designed to output at 5.65 MHz with direct feed and transmission line placed behind substrate 2.
‘While, the resonance 0.56 GHz is designed to output due to the strong interaction between the
rounded surface above substrate 1 and the circular area found on rhnround plane, at 6.5 GHz the disc
antenna is considered to be a circular space supplier. The operation of the proposed antenna was
developed and modified by commercial EM software CST Microwave Studio. An example of the
proposed antenna was developed and tested. The display dimensions of the antenna are rated by R&S
ZVA 67 Network Analyzer. It is well known that the resulting and measured results of the antenna input
parameters are well cﬂmtent

Only, a slight change in the estimated S parameters was observed due to the connection of the connector,
false tolerance, adhesion between the two antenna layers and the alignment of the layers in the process.

Radiation characteristics

The resulting and measured effect% of the E and H—plane antenna for high gain in f1 and £2 are shown in

Reference
antenna

Proposed antenna
Figure 17 (a) and.(b), respectively. Est]mated interest rates. radiation efficiency. F / B ratio, isolatiof)
level, 3 dB beamwidth round on the first resonance frequency (1) is 9.6 dBi. 40%, 14,255 dB,52.5°,
respectively . While in the second ance M@cy , these values can be summar]zep._lgs 8.4 dBi,
5.6%, 35, -41 6 dB, 56.2, respectively. The gain and radiation pattern of the antenna is measured by the
Anechoic Chamber shown in

Figure 18.
Antenna radiation pattern measurement set-up.

14
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Figure 18. There is a good agreement between the simulated and measured results
of the radiation characteristics.

Rectifier-antenna matching

In this project, a system used in [49] was implemented to achieve a dual-band imped- ance change in two
frequency groups (f1 and £2). This system is lnd to compare between the impedance intake of the complex
and highly dependent rectifier (and the actual impedance of the antenna (ZAnt) through four different phases
(Section 1-4) as shown in Figure 19. summarized the following steps:

Step 1: Obtain a correlation between the loading values Bl both used waves, i.e., to move the load impedance

values (the rectifier) into Smith's chart to be placed in a real circle with the assumed parts equal to both sides
of Smith's chart as shown in Figure 20.

Step 2: Cancel the assumed portion of the impedances in f1 and £2.
Step 3: Real to real impedance change.

Section 2
Z2, 02
Yy il J
Y=iBr ~fi
La =By, ~f? '
Antenna || Section4 [* Y i section 1 "l'l ReFtIe ciftuy
(Zan) Zs, ta i iz i (@)
i
i : H
Section 3 ! ' !
3 I 3 1
o3 7s s Ll H R
Y =Gi-jB1_~/t i

=L -, . Wr=GTB Lo 2 ‘
Zr> » fiand f> 1B o Zree =Rt -~ fi
Zpecr=RextjXey =~ f2 =

Each phase is expressed in two numbers Z and 0, where Z is the phase disturbance and 0 is the length of the
electric ph‘:lSC. The task of the first phase (Phase 1) is to make the actual value of the input impedance of the correction in

ggure 19.

Dual-band matching circuit.

Figure 20.
Matching steps indicated on smith chart.

gis equal to that of rectifier impedance input to f2 and the components considered are also equal but have
opposing signals (one is bright (provocative reaction) and the other is negative (capacitive reactance)); Phase
1 parameters (Z1 and 81) can be calculated from [50] as:

s. ffiffiffi T ffiffiffi

Z%RR
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XXX

b Xrl, Xr2, X
-RXP

(9)

1rlr2
rir2

Rr2 - Rrl
rir2

r2rl

Wl%

and arctan Z1 8Rr1 —Rr2 b
Rrl Xr2 —Rr2 Xrl

pmbplb

(10)

where nis the wrong number and m = f2 / f1. Section 2 is used to cancel the hypothetical components of the
introduction of Y1 at two frequencies f1 and f2. The boundaries of section 2 can be determined as [49]:

color 82
2

B1

(11)

6841 p pbn
01 pbmp

(12)

where pis a whole number. Sections 3 and 4 are used for real impedance conversion, and their parameters
can be calculated from Eqs. (13) - (17) [49, 51]

s . ffi ffiffi ffi A A iR AR AR AR TR R AR AR R AR AR iR AR R AR iR AR AR R £ 1A AR A AR AR A
i fiff £ AR £ AR R AR R FRFf R

LN

ZAntd1 b tan 204p
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where g and s are numbers
Repair design

Multiple ectiﬁers topologies are used for power harvesting, for example, diodes for parallel connections,
diodes for series connections, double Voltage circuits, multi-voltage power supply and so on. Voltage
Itipliers produce high loads from a'low voltage power source. However, in this'design a double power
circuit, which is a special case of electric power multipliers, is used for adjustmen“a obtain high power with
easy design maintenance. The design of the fix and the same network are shown in Figure 21 [52]. The
double voltage cigmit consists of two Avago HSMS2655 Schottky diodes and two SMD capacitors (Cs = Cp =
156 MF). Scottkyg:)de has a built-in voltage (Vb) for
0.150 V and a voltage breakdown (Vbr) of 5.4 V. Due to the small series resistance and blocking forces (Rs of
360 and Cb of 15.25 pF) for the

17
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Antenna
(Z.Am}

Figure 21.
Corrective structure; LI = 4.5 mm, Wil = I .54 mm, L2 = 4 mm, W2 = 033 mm, L3 = 5 mm, W3 = 1.96 mm,
Ld = 3.52 mm, Wd = 2 mm, L5 = 4 mm, W5 = 0.36 mm, I-L6 = 4.98 mm, W6 = 031 mm, L7 = 5 mm,
W7 =029mm, L8 = 5.1 mm, W8 = 043 mm, L9 = 4.8 mm, W9 = 0.3 mmn, L10 = 4.88 mm, W10 = 0.33 mm,
L1l = 1.8 mm, Wi = 0.84 mm.

Rectenna
nder Test

Horn
Signal antenna
generator
Voltmeter
| Measured

@ / voltage

Figure 22.

Rectenna measurement setup.
the category of diodes mentioned above, so these diodes have a high frequency of cutting
and efficiency of conversion. Capacitors Cs are used to store power in one half cycle to
double the charging power of Cp in another half cycle, Cs also act as a bandpass filter to
block DC power from wireless diodes. Cp has two functions, which arglised to bypass
high-speed modes, produced from a non-grounded diode and to obtain a smooth DC output
voltage. And the shunt connection between Cp and RED impedance RL acts as a low pass

ter.
Ehe modifier isdesigned for Rogers Duroid RO3003 with 3 ()r) relative to it, substrate size
(h) of 0.76 mm, Hielcl_qtﬁg loss tangent (tand) of 0.00 L 3gpnd copper (t) thickness of 0.017
mm. The complex impedance of the compll .ex input (ZRec) at the two frequencies is (8 —;
x 28.2) and (26.1 —j x 39.7) in fl and 2, respectively, with a positive load of 1:5 kQ.
Regional parameters are designed to achieve maximum conversion efficiency in two bands
@ frequency input power levels obtained. The adjustment parameters and the corresponding
circuit are shown in Figure 21, where each line is defined by length (L) and width (W).
Also, the type of adjustment made is shown in Figure 2

Rectenna measurements

The rectifying circuit including the matching network is simulated using
Keysight advanced design system (ADS), while the antenna was designed usin

ANSYS high-frequency structure simulator (HFSS). The advanced gain gain antenna

described in [45] is used as a gain antenna in the proposed rectenna to increase the

sensitigity of the fixer. Therefore, increasing the rectenna capacity of the harvester from

lower input power levels. The receiving antenna and the amplifier are integrated into the
17
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same substrate, built and measured in the measurement setting shown in Figure 22. Agilent
Technologies E8257D Analog signal is used to transmit @microwave signal connected to a
two-dBi horn antenna with two gain frequencies. On the other hand, a rectangle under test
(RUT) is connected to a voltmeter to measure DC power. To monitor the performance of
the antenna radiation, the effective antenna area is considered. Therefore, the efficiency of
the RF-DC conversion of the proposed rectenna (1) is calculated as follows:

2

n DC 100 (18)

Phina x RE)

where tlf§ VDC is the rated DC output power, the Pin is the input power of the RF received
and the RL is the resistance load. The pin is described in Eq. (19)

Pin 4 PD x Aeff (19)
where PD is the RF power source and Aeff is the active antenna. PD and Aeff are
calculated using Eqgs. (20) and (21), respectively.

PtGt PD-4mr2
a2

(20)

Aeff-Gr 4m (21)

Pt with uansﬂﬂtlng power, Gt is the horn antenna advantage and r distance between the
transmitter-and rectenna are all known. Therefore, the efficiency of RF-to-DC conversion
can be rnea.sured For remote field measurements, r is selected 40 cm. Figure 23 shows a
picture of the rectenna scale setting.

Rectenna results and interview

The whole s'_ysl?.;m (antenna compatlblc circuit and amplifier) has been tested in addition to

. —

Horn Antenna

Potentiometer

different input rates for different load loads in two waves

ggu re 23.

Photo of the measurement setup
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Conversion efficiency (%)

= -« [Eff. (measured)

25

o - [~ "~
in in
DC output voltage (V)
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DC voltage (simulated)

DC voltage (measured)
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(a) (b)
Figure 24.
Simulated and measured conversion efficiency imaddition to the DC output voltage versus input power (a) at f;
(b) at f>.

(f1 no f2); Figure 24 (a) and (b) show a comparison between the estimated and actual
effects of RF-to-DC efficiency and DC output power compared to the input power 1 and
2, respectively. The average conversion efficiency is 63% with an input power of 14 dBm
(from - 2.6 to 15.5dBm) in {1, while the average efficiency in [2is 66% with an input
power from -6.5 to 51 dBm (12.3 dBm). There is a slight variation between the
measurement and meas@lement results, where the efficiency of AC-DC conversion is 56
and 63% in two similar frequencies, respectively. Due to limitations in testing, the input
power received is limited to 25 dBm.

Chapter 4
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2. Conclusions

This chapter presents a study of rectenna systems for RF energy harvesting and power
transmission. Resgarch is being done on the recruitment of rectennas in WPT, low-cost
inputs fes electric rectennas, single and multi-band rectennas, wide-ranging inputs for
electric rectennas are being introduced. Finally, a double-band rectenrn is used using a
voltage doubler rectifier and a network corresponding to four phases. The first part of the
rectenna design is a dual-band disc antenna withgshe advantage of being designed to
collect high RF power. It output at 2.6% and 5.46 GHz. The estimated results showed a gain
of 7.39 and 6.87 dBi at 2.63 and 5.66 GHz, respectively.

The djgg antenna is integrated with a double-band rectifier with four components of the
same network to introduce a double-frequency rectenna with high conversion
performance over a multiband RF power output ban e rectenna provides high
efficiency of AC-DC rated conversion of 568and 70% at 3.56 GHz and 4.5 GHz,
respectively. and works beyond the scope of the input power; includes a range of 16 and
16.3 dBm in f1 and f2, respectively for higher conversion efficiency above 55% with load
resistance (RL) = 1.2K. The rectenna was designed, built and measured. The results
produced and measured show good agreement.
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