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Abstract— This letter proposes a low-profile rectenna with high 

gain and wide angular coverage for radio frequency (RF) energy 

harvesting and wireless power transmission applications. 

Specifically, a compact traveling-wave antenna (TWA) array with 

spatially multiplexed radiation patterns is integrated with a 

miniature rectifying circuit and a DC power combiner, enabling 

wide angular coverage and stable DC output power. Our 

numerical and experimental results show that the proposed 

rectenna can be robust against changes in the received power and 

the incident angle (from -65o to 65o, while allowing a wideband 

operation from 11.5 GHz to 12.5 GHz. The proposed rectenna 

exhibits a nearly constant DC output voltage of 1.8 V and a RF-to-

DC power conversion efficiency of 45% at a power density of 2.86 

mW/cm2 over a wide range of incident angles and operating 

frequencies.  

 
Index Terms— Radiative energy harvesting, travelling wave 

antennas, rectifying circuits, rectenna. 

I. INTRODUCTION 

HE number of connected smart devices in machine-to-

machine (M2M) networks is forecast to be surpassed 80 

billion by 2025 [1]. Due to such high demand for massive-

device systems, the rectifying antenna (or rectenna) technology 

has emerged as an effective and sustainable way to harvest 

energy from ambient electromagnetic waves (i.e., wireless 

power grids) to power ubiquitous devices and wireless sensor 

networks connected via 5G/B5G ecosystems. Other potential 

RF energy harvesting applications include, but are not limited 

to, self-powering unmanned aerial vehicles, autonomous 

vehicles [2-4], energy harvesting sensing and communication 

nodes [5-6], wake-up radios [7-9], low-power wearable and 

textile electronics [10-13]. So far, many efforts have been made 

to increase the power conversion efficiency (PCE) and reduce 

the cost of rectennas used for the long-range (far-field) wireless 

energy harvesting and power transmission [14-21]. The 

simplest possible rectenna configuration could be to exploit a 

compact omnidirectional antenna loaded with nonlinear 

electronic devices (e.g., diodes) [22-32], to directly rectify the 

ambient electromagnetic wave into the usable DC electricity. 
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However, the relatively low gain of these antennas results in 

limited RF power delivered to the rectifier circuit, thereby 

reducing the PCE. This problem may worsen as the distance 

from the source increases (i.e. farfield RF energy harvesting), 

resulting in a lower available incident power density. Recent 

studies reported the need for a high-gain receiving antenna to 

compensate for the lower available power density [33-34]. 

Although directional antennas can mitigate the low received RF 

power, one drawback is their narrow beamwidth and thus 

narrow angular coverage. This may pose challenges in practical 

applications because the relative positioning between the RF 

source and the energy harvester is usually unknown, resulting 

in an incident angle-sensitive power conversion efficiency. To 

date, few studies have explored the trade-off between the 
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Fig. 1: Schematic diagram of the wideband, wide-angle wireless power 
transmission and energy harvesting system.  
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antenna gain and the angular coverage in rectenna development 

[35-40]. A. Eid, et al. [38] presented a wide-angle rectenna 

based on the Rotman lens for 5G mm-wave energy harvesting. 

This rectenna provided a realized gain of 17 dBi at each port at 

28 GHz, with an angular coverage of 110o (  55o). However, 

the Rotman lens is rather bulky and has a relatively high loss 

[41]. Y-J. Ren, et.al., [40] proposed a retrodirective rectenna 

array that operates at the 5.8 GHz frequency band provided a 

moderated low gain of 5.89 dBi with a beamwidth of ~80o.      

In this letter, we propose a new integrated rectenna design 

based on a traveling-wave antenna (TWA) array for efficient, 

wide-angle and wideband RF energy harvesting. Moreover, this 

rectenna can have a high PCE that is nearly unchanged over a 

wide range of incident angles in the 12 GHz frequency band. 

Noticeably, the proposed wide-angle TWA array-based 

rectenna with 130o coverage can be effective over a frequency 

range from 11.5 GHz to 12.5 GHz. A self-biased rectifier and a 

DC power combiner [Fig. 1] are used to deal with the 

unbalanced rectified DC output power, which occurs in realistic 

RF energy harvesting scenarios. As a result, the integrated RF 

energy harvesting device has a stable DC voltage and a 

reasonably invariant PCE. 

II. TRAVELLING-WAVE ANTENNA ARRAY DESIGN  

A. Design of beam-steering travelling-wave antennas 

Fig. 2 shows the geometry and design parameters of the 

TWA, where short microstrip-line sections of width w  and 

length 𝑙𝑓 are connected by a U-shaped stub of length 𝑑 = 2𝑙𝑓 +

𝑙𝑢 and width 𝑤. Each U-shaped stub has sharp corners, which 

cause leakage radiation and can be considered as a radiating 

element; the full-wave simulation results for the current 

distribution of a unit cell are shown in Fig. 2 (b). Besides, in 

this periodic phase-shifting structure, each unit cell with a total 

microstrip-line length 𝐿 = 2(𝑙𝑓 + 𝑙𝑢) + 𝑙𝑢 yields a progressive 

phase difference, given by ∆𝜑 = 𝛽[2(2𝑙𝑓 + 𝑙𝑢) + 𝑙𝑢] where 𝛽 

is the phase constant of the microstrip transmission line [44]. 

The array factor can be written as 
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where 𝜓 = 𝑘𝑜𝑑 sin 𝜃 + ∆𝜑, N is the number of radiators, d is 

the spacing between them, θ is the radiation angle, k0 is the free-

space wavenumber, 𝛼 = − ln|𝑆21| × 𝐿 is the attenuation 

constant of the transmission line. If value of 𝛼 is small, the 

radiation angle at which the maximum occurs is given by: 
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The array factor and associated radiation characteristics of a 

TWA can be varied by adjusting the spacing between adjacent 

radiating elements. The lengths 𝑙𝑓 , 𝑙𝑢, and 𝑙𝑠 must be adjusted 

accordingly to achieve different radiating angles, as shown in 

Fig. 1. Here, we consider the Roger RO 4003C substrate with 

dielectric constant 𝜀r = 3.55, loss tangent tan𝛿 = 0.0027, and 

thickness t = 0.5 mm. The width of the microstrip line is chosen 

to be w = 1.1 mm such that its characteristic impedance Zo = 50 

𝛺. Table 1 summarizes the calculated design parameters of the 

TWA for different radiation angles (-60o, -30o, 0o, 30o, and 60o) 

at 12 GHz. 

B. Radiation properties of travelling-wave antennas 

According to the design parameters in Table I, a low-profile 

rectenna panel consisting of five TWAs was built. Each TWA 

 
Fig. 2: (a) Perspective view of the proposed travelling-wave antenna. (b) 

simulated current density distribution of a unit cell at 12 GHz.  

 

 

Fig. 3: Simulated (solid) and measured (dashed) reflection coefficient of 

the directional TWAs in, whose steering angle are: (a) -60o, (b) -30o, (c) 

0o, (d) 30o, and (e) 60o, and (f) isolation between neighboring antennas in 

the same rectenna panel.   
 

 
 
 

 

TABLE I 

CALCULATED DIMENSIONS OF TWA AT DIFFIRENT 

RADIATION ANGLE (unit: mm) 

Rad. Angle 𝑙𝑓 𝑙𝑠 𝑙𝑢 L d 

-60o 2.75 7.3 5.5 25.6 11 

-30o 3.05 7.3 6.1 26.8 12.2 

0o 2.25 3.7 4.5 16.4 9 
30o 2.95 3.9 5.9 19.6 11.8 

60o 2.85 4.9 5.7 21.2 11.4 
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has eleven unit-cells whose dimensions were properly designed 

to control the steering angle of the main lobe. The number of 

radiative elements is carefully chosen to guarantee that ~90% 

of input power leaks into free space [42]. To avoid backward 

traveling waves, each TWA is terminated with a 50 Ω dummy 

load. Figs. 3 (a)-(e) report the simulated and measured 

reflection coefficients for the five TWAs. The numerical and 

experimental results show good agreement, but with slight 

difference due to fabrication errors. It can be seen from Fig. 3 

that all TWAs have a moderately broad bandwidth in the 

frequency range between 11.5 GHz and 12.5 GHz, albeit with 

different radiation patterns. Fig. 3(f) reports the mutual 

coupling between TWAs, showing that the mutual coupling 

related to Sij can be below -37 dB at frequencies of interest (for 

brevity, only S21 and S32 are presented).  

Figs. 4 (a)-(c) report the simulated and measured H-plane 

radiation properties of individual TWAs printed on the board at 

11.5 GHz, 12 GHz, and 12.5 GHz, respectively; the numerical 

(dashed lines) and experimental (solid lines) results are in good 

agreement. Fig. 5 shows the simulated 3-D radiation patterns 

for the five TWAs operating at 12 GHz, which are excited 

individually (a)-(e) and simultaneously (f). We find that 

continuous beam steering can be obtained by adjusting the 

phase loading of TWAs. Furthermore, design parameters 

obtained from Eq. (2) can give the targeted radiation angle, as 

validated by the numerical and experimental results presented 

in Fig. 4. The analytically estimated radiation angles 

highlighted as stars in Fig. 4 agree well with the numerical 

results. According to Eq. (2)-(3), the radiation angle can also be 

altered by varying the operating frequency. When the operating 

frequency increases (decreases), the beam is tilted by a positive 

(negative) angle, as shown in Fig. 4(a) and 4(c). This rectenna 

panel may cover an angular range spanning from -65o to 65o 

continuously at 11.5 GHz to 12.5 GHz. From all operating 

scenarios in Fig. 4, the average sidelobe level (SLL) remains 

low (< -15 dB). 

III. DESIGN AND MEASUREMENT OF INTEGRATED RECTENNA 

A. Design and performance evaluation of rectifiers. 

The half-wave rectifying circuit includes a matching 

network, Schottky diodes, a dc-pass filter, and a resistive load, 

as sketched in Fig. 6. The zero-bias Schottky diode, Skyworks 

SMS7630, is chosen for its low forward junction capacitance 

(0.14 pF), low series resistance (20 𝛺), low turn-on voltage, and 

high reverse saturation current (4 μA) [43]. The transmission 

lines TL1 and TL2 are used for the single-stub matching, and 

their optimum dimensions are defined by the source-pull 

simulation using the diode’s SPICE model SMS7630 from 

Skyworks. A quarter-wave radial stub is used as an RF choke, 

which is considered as a short-circuit for second harmonic 

byproducts of the rectification. RL and CL act as the DC load and 

bypass filter connected in shunt with the load. The optimum 

design parameters of TL1 and TL2, and the radial stub are 

presented in the inset table of Fig. 6. The rectifier was printed 

on the same board as the antenna, as shown in the inset of Fig. 

7(a). The RF-to-DC power conversion efficiency (PCE) of the 

rectifier is defined as [16] 

                           
2

100%o

L r

V

R P
 =                                     (3) 

 

Fig. 4: Measured (solid lines) and simulated (dashed lines) radiation 

patterns for the TWAs in Fig. 8, operating at (a) 11.5 GHz, (b) 12 GHz, 
and (c) 12.5 GHz. Here, stars represent calculated results from Eq. (2).      

 

 
 
 

 

 

Fig. 5: Simulated 3-D radiation pattern for the rectenna panel, of which 

TWA are excited individually (a-e) and simultaneously (f) at 12 GHz; 
units: dBi.     

 

 
 

 

 

 

   Fig. 6: Schematics and parameters of the half-wave rectifier. 
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where Vo is the measured output voltage across the resistive 

load RL, and Pr is the power delivered at the rectifier. Here, the 

insertion loss between connectors is negligible, and therefore, 

Pr is equal to the power delivered to the receiver. Fig. 7 (a) 

shows the measured RF-to-DC PCE against the input power at 

12 GHz under different load resistances (RL). The highest PCE 

is ~50% at an input power of 10 dBm, obtained with a load 

resistance of 388 Ω. Even at an RF input power of -10 dBm, the 

measured PCE is still ~20%. Fig. 7(b) presents the measured 

PCE against the operating frequency at different input RF 

power levels. At an RF input power of 10 dBm, the rectifier 

maintains a PCE of 50% from 11.5 GHz to 12.6 GHz. 

B. Characterization of the integrated RF energy harvester.  

The wide-angle rectenna, consisting of an array of TWAs, 

rectifying circuits, a DC power combiner, a DC pass filter, and 

a resistive load, was fabricated and characterized. The top and 

bottom views of the integrated rectenna panel are shown in 

Figs. 8 (a) and (b), respectively. The received RF signals are 

rectified into DC current, and eight low-frequency bypass 

diodes are used for the DC power combiner. The DC power 

combiner based on low-frequency diodes (Infineon BAT63-

02V) can deal with the unbalanced rectification outputs 

produced by TWAs. The low-pass filter isolate DC components 

from RF signals.  

The integrated rectenna system was measured in free space. 

The transmitter contains a signal generator with an output 

power of 30 dBm and a horn antenna. The horn antenna has a 

peak gain of 19.2 dBi, 19.4 dBi, and 19.6 dBi at 11.5 GHz, 12 

GHz, and 12.5 GHz, respectively. The rectenna is 0.5 m away 

from the transmitter. During the measurement, the rectenna 

panel was rotated and the dependence of the PCE and output 

DC voltage on the incident angle θ was measured.  

By applying the Friis’ equation to estimate the received 

power on the rectenna Pr [45], Eq. (3) can be rewritten as 

               

( )

2 2
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/ 4
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P PG G r
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where Pt represents the transmitted power, Gt and Gr are the 

realized gains of the horn antenna and the TWAs, respectively, 

r is the distance between the TX and the rectenna, and 𝜆o is the 

wavelength. Figs. 9(a)-(b) report the measured DC output 

voltage and PCE against the incident angle, respectively; here, 

the resistive load at the output of the DC combiner is also 

adjusted to achieve the maximum conversion efficiency. The 

power density on the rectenna is calculated at 2.86 mW/cm2. 

The output voltage exhibits only a small fluctuation (1.5 V to 

1.9 V) over a wide angular range (130o) . Moreover, such an 

effect can be similarly obtained from 11.5 GHz to 12.5 GHz, as 

can be seen in Fig. 9 (a). When the incident angle exceeds the 

coverage range, the output voltage drops sharply to millivolt 

level. Broadening the angular coverage may be achieved by 

integrating more TWAs to effectively capture endfire and 

backfire radiation. The RF input power delivered to the 

rectenna is nearly 12 dBm and the resistive load is fixed at 317 

Ω. Fig. 9(b) reports the RF-to-DC PCE of the integrated 

rectenna, showing that a maximum PCE of 35% to 50% over a 

wide angular range of 130o and a frequency range from 11.5 

GHz to 12.5 GHz. Similar to Fig. 9(a), the PCE drops when the 

incident angle exceeds the angular range of coverage. 

Compared with previously reported wide-angle rectennas [35-

40], our design exhibits not only wider angular coverage, but 

also enhanced bandwidth and compactness. The proposed 

rectenna may also be fully integrated and low-cost, thus being 

suitable for practically energy harvesting in the 12 GHz band. 

IV. CONCLUSION 

In summary, we have proposed a compact, low-profile, low-

cost, and wide-angle rectenna based on the simple microstrip-

line traveling-wave structure. The microstrip-line TWAs not 

only can achieve a 12 dBi gain (which is insensitive to the 

radiation angle), but also a readily tunable radiation angle. We 

have designed, fabricated, and characterized the fully integrated 

rectenna board comprising the TWAs, rectifier, and DC power 

management circuit with a compact size of 13×10×0.5 cm3. 

Our results show that in the potential 5G mid-band spectrum 

centered at 12 GHz, the rectenna can provide an 130o angular 

coverage, an average output voltage of 1.8 V, and an average 

RF-to-DC PCE of 45% (insensitive to the incident angle) at a 

power density of 2.86 mW/cm2. 

 
Fig. 8: (a) Top and (b) bottom views of the fabricated rectenna; inset of 

(a) shows an individual rectifying circuit.   

 

 
 

 

 

 
Fig. 9: (a) Dependence of the measured output voltage on the angle of 
arrival at 11.5 GHz (black lines), 12 GHz (red lines), and 12.5 GHz (blue 

lines). (b) is similar to (a), but for the PCE calculated using Eq. (4). 

 

 
 

 

 

 

Fig. 7: (a) PCE versus resistive load, and (b) PCE versus frequency (with 
optimum resistive load) for a rectifier operating at 12 GHz.    
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