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Abstract—This paper presents an ultra-compact and high 

efficiency rectenna which can power wireless sensing nodes fully 
embedded in a concrete structure. The innovative proposed design 
is optimized in term of efficiency and compactness for the targeted 
application. The rectenna is compact, which a volume of 56 mm x 
32 mm x 10 mm, (0.0004𝛌𝛌𝟑𝟑) and can reach a maximum RF to dc 
conversion efficiency of 70% at 868 MHz for 10kΩ load and for an 
illuminating RF power density of 4μW/cm². The use of a metallic 
cavity increases the rectenna performances and limits the negative 
impact of the concrete material. Thus, the rectenna into the cavity 
harvest a dc voltage up to 1.15V when the rectenna is illuminated 
with a RF power density of 1 μW/cm². Experimental results of the 
rectenna embedded in the concrete beam confirms the feasibility 
of powering a wireless sensor by wireless power transmission. 

 
Keywords—Rectenna, wireless power transmission, energy 

harvesting, wireless sensing application, structural health 
monitoring, concrete. 

 

I. INTRODUCTION 
The use of Radiofrequency (RF) Energy Harvesting (EH) or 

alternatively of the RF Wireless Power Transmission (WPT) 
are not now well considered in harsh environments. 
The work presented in [1] addresses an original concept of 
wireless smart-node network (WSN) for Structural Health 
Monitoring (SHM) applications. Researchers also evaluate the 
potential of RFID technology in concrete structure.  Similarly, 
a concrete quality sensor based on chipless ultra-wideband 
(UWB) radio frequency identification (RFID) is presented in 
[2]. In [3], a RFID sensor system was developed for being 
embedded into concrete structures. 

However, several challenges must be investigated as the 
lifetime of the nodes once embedded and the long-term 
communication reliability. 

To overcome the lifetime challenges, we propose in this 
paper a unique design of an improved Wireless Power Interface 
embedded in a concrete structure working in the 868 MHz 
Industrial, Scientific and Medical (ISM) frequency band. The 
Wireless Power Interface commonly called a Rectenna 
(Rectifying antenna) was developed in order to supply a Power 
Management Unit (PMU) by WPT or EH. 

Additionally, a metallic cavity was designed in order to 
minimize the losses which appears once the rectenna is 
embedded in the concrete. The two prototypes (rectenna with 
and without cavity) were tested and presented in section III. 
Experimental test of the rectenna in the concrete is highlighted 
in section IV. 

II. RECTENNA DESIGN AND MEASUREMENT 
The proposed rectenna consists of a differential rectifier 

directly connected to a dipole antenna designed for a 50 Ω input 
impedance. Next, the entire design was embedded in a metallic 
cavity in order to increase the harvested dc voltage. We 
proposed a compact 3D rectenna with a high RF to dc 
conversion efficiency. 

A. Antenna design 
A compact antenna was designed and simulated thanks to 

HFSS software for the targeted application. It is like a RFID 
dipole antenna with a short-circuited loop as presented in Fig. 
1 (a). By adding two capacitive arms, it is possible to form a 3D 
configuration of the antenna and reduce its size. The dipole was 
connected to the metallic arms by an electric line. Its position 
was chosen to tune the resonant frequency of the antenna. Two 
antennas with different electrical line positions were 
manufactured namely: DPLC5 (Fig. 1 (b)) and DPLC3 (Fig. 1 
(c)). The antennas were manufactured on FR4 substrate (with a 
thickness of 0.8 mm).  Due to the planar configuration of the 
dipole, an easy way to characterize the antenna was to add a 50 
Ω UFL connector. As presented in Fig. 3 (a), a frequency shift 
of 40 MHz (i.e. 4.75%) between simulation and measurement 
was observed for DPLC3 and DPLC5. This frequency shift is 
mainly due to the manual assembling/connecting of the vertical 
arms. For the final implementation of the rectenna, DPLC5 
configuration was chosen.  

In the literature, some research presents the investigation of 
antenna embedded in concrete. A microstrip patch antenna 
operating at 2.5GHz was designed for civil engineering 
applications [4]. Otherwise in [5] is presented a design of the 
UHF RFID tag antenna suitable for embedded use in a concrete 
floor. This antenna consists of a ceramic path, a parasitic patch 
and a metal cavity which improve the gain. 

 



   
Figure 1:  Simulation design on HFSS Software (a) and photo of the fabricated 
antenna DPLC3 and DPLC5. 

 
Figure 2: Simulation design and photo of the manufactured prototype of DPL5 
embedded in a metallic cavity. 

 
Figure 3 : (a) Measured (continuous line) and simulated (dashed line) of the 
return loss (S11) for DPLC3 (red line) and DPLC5 (blue line). (b) Simulated  
(red dashed line) and measurement (blue continuous line) of the return loss (S11) 
of the antenna DPLC5 embedded in the metallic cavity. 

Consequently, to minimize the impact of the high dielectric 
constant and high dielectric losses of the concrete material on 
the antenna/rectenna performances, we proposed to add a top 
open metallic cavity which covers the antenna (Fig. 2). Its size 
and the antenna location from the bottom side were optimized 
in order to increase the antenna gain and to avoid antenna 
detuning into the concrete. For this implementation, we 
considered the frequency shift of the antenna as mentioned 
before. The antenna is placed at 10 cm from the bottom of 
cavity and the metallic arms was also tune at 7.5 mm. Fig. 3 (b) 
plots the return loss (S11) of the antenna inside the 
manufactured cavity. 

The radiation pattern of the manufactured antenna was 
measured in an anechoic chamber. The measured and simulated 
gain in the E-plane (that is a vertical cut plane orthogonal to the 
antenna horizontal plane) obtained for the DPLC5 antenna with 
and without metallic cavity are represented in Fig. 4. The 
maximum measured gain obtained with DPCL5 antenna is +1.7 
dBi. By adding the metallic cavity, the gain is multiplied by 2.5 
reaching up to +4.5 dBi.  

 
Figure 4: Radiation pattern (gain in dB) at 868 MHz in the E-plane:   
experimental (continuous line) and simulation (dashed line) results for the 
DPLC5 antenna in the metallic cavity (blue line) and DPLC5 antenna only (red 
line). 

B. Full Wave Rectifier Design 
This section presents the rectifier design optimized to 

operate at low power densities. Several configurations of 
rectifiers exist. The proposed design (in Fig. 5) is a doubler 
rectifier composed by SMS7630_005LF Schottky Diode from 
Skyworks investigated at low power level. The size 
considerations allow us to choose a lumped LC (33 nH and 4 
pF) matching network. The simulation was done in ADS 
Software and the circuit was built on FR-4 substrate with a 
thickness of 0.8 mm. Fig. 6 shows a photo of the manufactured 
rectifier and its return loss for different input power.  

 

Figure 5: Schematic of the doubler rectifier. 

 
Figure 6:  Measured return loss of the rectifier for different RF input power. 
The inset shows a photo of the manufactured prototype. 

The maximal measured RF to dc conversion efficiency and 
dc voltage of the rectifier is about 35 % and 330 mV for a dc 
load of 10 kΩ load at 870 MHz with an input power of -15 dBm. 
The load value was chosen in order to emulate the input 
impedance of the PMU for the wireless sensors. This one is not 
the optimal load impedance of the rectifier. 

III. IMPLEMENTED RECTENNA 
The final design consists to connect the antenna with the 

rectifier to form the rectenna as previously presented. Two 
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prototypes were tested, the rectenna without cavity named RT 
and the rectenna placed in the metallic cavity named RMC. The 
experimental setup was placed inside an anechoic chamber. It 
consists on illuminating the rectenna under test positioned at a 
Far Field region of transmitter with linear Polarization E-Field. 
The transmitting Patch antenna is connected to an Anritsu 
MG3694B power generator (placed outside) though a coaxial 
cable. The harvested dc voltage across a 10 kΩ load is measured 
by using a Multimeter. The following expression in (1) was 
used to calculate RF to dc conversion efficiency η: 

 

𝜂𝜂 = 100 ∙
𝑃𝑃𝐷𝐷𝐷𝐷
𝑃𝑃𝑅𝑅𝑅𝑅

=
𝑃𝑃𝐷𝐷𝐷𝐷

𝑆𝑆. 𝐴𝐴𝑒𝑒𝑒𝑒𝑒𝑒
   

4. 𝜋𝜋.𝑃𝑃𝐷𝐷𝐷𝐷
𝑆𝑆.𝐺𝐺𝑟𝑟.𝜆𝜆2   and  𝑆𝑆 =

𝑃𝑃𝑡𝑡 .𝐺𝐺𝑡𝑡
𝑑𝑑2 .4.𝜋𝜋        (1) 

 
where 𝑃𝑃𝐷𝐷𝐷𝐷 is the harvested dc power measured across the load 
and S is the incident EM power density illuminating the 
rectenna. 𝐴𝐴𝑒𝑒𝑒𝑒𝑒𝑒 is the antenna effective area computed thanks to 
the gain of DPLC5 with or without cavity ( 𝐺𝐺𝑟𝑟 ) and the 
wavelength ( 𝜆𝜆 ). 𝑃𝑃𝑡𝑡  is the RF power injected to the patch 
antenna (Gain 𝐺𝐺𝑡𝑡) positioned at a distance d of 1.5 meter from 
the rectenna. 

For accurate measurement, the insertion losses through the 
RF cable used to connect the RF source to the transmitting (Tx) 
antenna (about 3 dB) was measured with a power meter and 
subtracted from the patch antenna gain (about 9.6 dBi). The 
measured dc voltage of the rectenna as function of frequency is 
presented in Fig. 7. The resulting dc voltage and the efficiency 
(at 868 MHz) as function of the illuminating RF power density 
are presented in Fig. 8. We observe that for higher power 
density level, RT is more efficient than RMC and reach a 
maximum efficiency of 70 %. However, RMC maintains a good 
efficiency (65 % max). 

For a power density of 1 μW/cm², the harvested dc voltage 
is 1300mV and 900mV respectively for the rectenna with 
(RMC) and without the cavity (RT). 
 

 
Figure 7:  Measured dc voltage for the two manufactured rectennas as function 
of the frequency in an anechoic chamber. RMC (red dashed line) and RT 
(continuous blue line) at a power density of 3.4 μW/cm². 

 
Figure 8:  Measured RF to dc conversion efficiency (continuous line) and dc 
voltage (dashed line) as function of the illuminating power densities at 868MHz. 
RT (blue line) and RMC (red line). 

IV. EXPERIMENTAL RESULTS WITH THE CONCRETE BEAM 
In order to perform experimentations in the targeted harsh 

environment, a reinforced concrete beam (size:  135 cm by 35 
cm by 35 cm) was designed and manufactured. The 
experimental setup consists of illuminating the rectenna 
embedded in the concrete structure with a linearly polarized E-
Field as shown in Fig. 9. The RF power transmitter is an Anritsu 
MG3694B generator connected to a patch antenna though a 
coaxial cable. The obtained dc voltage was measured by using 
a dc multimeter. During the measurement, the antenna was 
placed on the roof at 156cm of the concrete beam (upper side).  
Otherwise, the rectenna in the concrete cavity was placed in 
order to match the polarization of the transmitting antenna. The 
transmitting patch antenna has a gain of +9 dBi.  
Fig. 10 shows the harvested dc power obtained inside the 
concrete structure for the RT and the RMC as function of the 
Effective Isotropic Radiated Power (EIRP).  

 

 
Figure 9: (a) Experimental setup of rectenna inside concrete, (b) RMC with its 
metallic cavity embedded in the concrete. (c) The cover of the concrete beam. 
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The total distance between the transmitting antenna and the 
rectenna is 170 cm (with the height of the concrete cover). 
Uncovered measurement corresponds to the rectenna placed in 
the concrete without any concrete cover on the top. RT results 
was obtained with covered concrete at different height positions 
from the bottom of the concrete cavity. 

 
Figure 10: Harvested dc power of the RMC and the RT as function of the EIRP 
of the RF source positioned at 156 cm far away from the top of the concrete 
beam. RT was fully embedded in the concrete cavity with the cover and 
positioned at different height from the bottom of cavity. 

 

Table 1.  Performances comparison of the fabricated rectenna with the state of the art. 

References Freq. 
(GHz) 

Diode Input Power 
(dBm) /EIRP 

(dBm) 

S 
(µW/cm²) 

Eff. 
(%) 

G(dBi) Rectenna size 
(mm x mm x mm) 

dc 
Power 
(µW) 

[6] 0.868 HSMS285C -- 0.1 30.2 6.43 NR* 12.62 
[7] (2DRRP) 0.868 HSMS285B -- 1 31.5 6.8 150 x 90 x 50 (0.016 𝜆𝜆3) 143.77 

[8] 0.9 HSMS2850 -- 1 40 1.3 110 x 110 (0.11 𝜆𝜆²) 47.7 
[9] 1.96 

2.45 
SMS7630 
SMS7621 

-- 200 54.2 NR 60 x 75 (0.19 𝜆𝜆²) 4200 

[10] 0.915 SMS7630 -9/ -- 1 37 1.87 60 x 60 x 58 (0.0059 𝜆𝜆3) 46.6 
[11] In Concrete 5.7 HSMS2862 38.5/ --  75.8 10.1 70 x 50 (1.29 𝜆𝜆²) 10370 
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It is obvious that the concrete cavity acts as dielectric 

resonant cavity and the rectenna position should be optimized 
inside this cavity. The best results were obtained with RMC 
positioned inside the covered cavity in the concrete because a 
dual resonance occurs: (i) first resonance inside the top-open 
metallic cavity, (ii) the second one in the top-covered concrete 
cavity. So that, the influence of the concrete material can be 
reduced by: (i) choosing the appropriate dimensions of the hole 
in the concrete (it was not possible in our case because the 
concrete beam was manufactured before the experiments), (ii) 
inserting the rectenna in a top-open metallic cavity (iii) 
controlling and optimizing the rectenna position inside the 
metallic cavity (when used) or in the concrete cavity (when 
used standalone). An optimization methodology/algorithm by 
using intensive electromagnetic simulations is under 
development in order to find the best-fitted size of the concrete 
and metallic cavity and the optimal position of the rectenna. 
More results will be available at conference.  

V. CONCLUSION 

In this paper we present a unique and ultra-compact design 
of rectenna (0.0004λ3 at 868 MHz) dedicated to RF wireless 
power transmission in concrete structures. It consists of a 
doubler rectifier using two SMS7650-005LF Schottky diodes 
and a 3D compact antenna. The prototypes were fabricated and 
characterized in anechoic chamber. The 3D compact antenna 
(DPLC5) of our rectenna exhibits a gain of 1.7 dBi (when 
measured standalone) and 4.5 dBi when inserted in metallic 
cavity. The measured rectenna conversion efficiency is about 
54% for an illuminating power density of 1.5 µW/cm² and 10kΩ 
load. Therefore, additional measurements of the rectenna 
embedded in the concrete structure were performed. With an 
EIRP of 23.7 dBm, the harvested dc voltage is about 623 mV 
and 402 mV for RMC and RT (positioned at 13cm from the 
bottom), respectively. 

 As compared with the state-of-the-art designs reported in 
table I, the proposed rectenna is ultra-compact and exhibits 
excellent performances. The experimental results confirm that 
the proposed rectenna can be used for wirelessly.  
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