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Abstract 
A simple and elegant impedance-matching method for rectenna operating in a narrow frequency range is presented. The method used 

two coplanar strip lines emerging from the antenna feed-point, to correct for the reactive component of the antenna impedance on one 

side, and to connect the rectifier and transform its impedance on the other side. The experimental results were supported by numerical 

simulations, which suggest that the same impedance matching technique can be used for mm-waves and terahertz (THz) radiation 

applications. Microwave characterization of the fabricated devices (impedance-matched and non-matched) showed that the 

responsivity of the impedance-matched rectenna is approaching an order of magnitude higher at 20 GHz than that of a control device 

without a matching network. 
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1.0 INTRODUCTION 

Rectennas have attracted significant attention for a 

variety of high-frequency applications such as sensing, 

power transfer, and energy harvesting [1–11]. A rectenna 

is a rectifier coupled to an antenna, which can convert 

electromagnetic radiation to an electrical DC signal. Fast 

rectifiers, such as the Schottky diode [2], the metal-

insulator-metal (MIM) diode [1, 3–4], and more recently 

the self-switching nanodiode [5, 12], are often used in 

these applications due to their ability to operate at 

frequencies well into the terahertz range. One of the major 

drawbacks of these devices, however, is the relatively low 

external power conversion efficiency, caused mainly by 

the mismatch between the impedance of the antenna 

(typically 10 to 100 Ω) and that of the rectifier, often as 

high as several kilo-ohms [5–6, 13]. This problem can be 

minimized significantly by incorporating in the rectenna 

device a structure for matching the impedance of the 

rectifier to that of the antenna. 
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Here we report on the experimental results and 

numerical simulations of a simple and effective structure 

for matching the impedance of a self-complementary bow-

tie antenna to a rectifier with a zero-bias resistance of 10 - 

20 kΩ. 

The device operates as a high-efficiency rectenna, 

which can be used in applications where efficient narrow-

band operation is required, such as electromagnetic wave 

sensing, radio frequency identification (RFID) devices and 

energy harvesting (with optimized dimensions), as well as 

to maximise the signal-to-noise ratio in detection and 

imaging systems. 

 

2.0 NUMERICAL SIMULATION RESULTS AND 

DISCUSSIONS 

The method for transforming the equivalent 

antenna impedance seen by the diode relies on two 

coplanar strip lines connected to the antenna feed-point, as 

shown in Fig. 1. The characteristic impedance and 

propagation velocity on the lines are adjusted by changing 

their widths and gaps. The lines’ lengths are optimized, 

using MATLAB Optimization toolbox, in order to 

transform the impedance on the antenna to the complex 

conjugate of the rectifier impedance, resulting in 

maximum power transfer [14–15].  

The function of the top line is that of an open-
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circuit stub of length LSTUB, whose susceptance BSTUB is in 

parallel to the antenna admittance YA. The line on the 

bottom, of length LFEED, connects the diode to the antenna, 

and transforms the antenna-stub admittance to match the 

complex conjugate admittance of the diode YD so that:  

 

𝑌𝐿 = 𝑌𝐷
∗ = [𝑌0 (

1 − 𝛤𝑒−2𝑖𝑘𝐿𝐹𝐸𝐸𝐷

1 + 𝛤𝑒−2𝑖𝑘𝐿𝐹𝐸𝐸𝐷
)]                                 (1) 

 

where  

 

Γ =
𝑌0 − 𝑌𝐴 − 𝑖𝐵𝑆𝑇𝑈𝐵

𝑌0 + 𝑌𝐴 + 𝑖𝐵𝑆𝑇𝑈𝐵
                                                         (2) 

 

Γ is the reflection at the antenna feed-point, 

 

𝐵𝑆𝑇𝑈𝐵 = 𝑌0 tan 𝑘𝐿𝑆𝑇𝑈𝐵                                                         (3) 

 

is the open-circuit stub susceptance, and Y0 and k are the 

characteristic admittance and phase velocity of the 

coplanar strip lines, respectively. 

 

  
Figure 1: Layout of the model rectenna and matching structure 

discussed in the text operating at microwave frequencies (a). The 

rectenna consists of a self-complementary bow-tie and a 

rectifier. (b) is the equivalent circuit diagram of the device. 

 

A model rectenna operating at microwave 

frequencies was designed with the self-complementary 

bow-tie antenna shown in Fig. 1. The substrate was a low-

loss borosilicate glass substrate (dielectric constant 

(εr) = 4.6, loss tangent (tan δ) = 3.7 x 10-3, all measured at 

room temperature and at a frequency of 1 MHz).  The 

antenna and lines consists of a bilayer of titanium and gold 

with a combined thickness of 130 nm and an overall dc 

conductivity of 433 x 103 S/m. A metal-insulator-metal 

(MIM) junction we recently developed was used as a 

rectifier in the rectenna device. The MIM junction consists 

of titanium and platinum electrodes with the self-

assembled monolayer (SAM) octadecyltrichlorosilane 

(OTS) as an insulator. The detail of the diode fabrication 

and electrical characterization can be found in [16]. The 

antenna and coplanar strip lines were modelled and 

simulated using Agilent Advance Design System (ADS). 

The geometry for the coplanar strip lines, which 

prevents significant amount of radiation losses from 

occurring in the structure, was first determined. The 

geometry of the lines (i.e. the gap between the two parallel 

lines, length and width of the lines) affects the line 

parameters [14–15], such as characteristic impedance and 

wave propagation velocity, which are required to design 

the matching structure. Also, the finite resistance per unit 

length of the electrode used for the lines results in power 

loss, and needs to be accounted for in order to decouple the 

losses due to the lines from those due to the substrate used. 

The measure of losses in the lines can be determined from 

the propagation constant [17]: 

 

 𝛾 =  𝛼 +  𝑖𝛽                                                                           (4) 

 

where α is the attenuation constant and 𝛽 the 

propagation velocity. The attenuation constant shows the 

measure of loss in the line [18]. 

 

As can be seen in Fig. 2(a), the attenuation in the 

coplanar strip lines decreases as the gap (S) between the 

lines increases, which was expected because, as can be 

seen in Fig. 2(b), the line characteristic impedance (Z) 

increases with increase in the gap (S). As the characteristic 

impedance increases, current flowing across the line 

decreases, hence the decrease in losses. 

The coplanar strip lines width (W) and gap (S) 

were chosen to both be 10 µm, which were a good 

compromise between the line characteristic impedance and 

losses, as well as fringe capacitances introduced by the line 

ends. The line dimensions are also compatible with most 

photolithography equipment and relatively easy to 

manufacture accurately. The characteristic impedance (Z), 

propagation velocity (β) and attenuation (α), as simulated 

using the dimensions above, are plotted as a function of 

frequency in Fig. 3. 
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Figure 2: (a) Plot of transmission line attenuation as a function 

of gap between the parallel lines, and (b) line characteristic 

impedance as a function of gap between the parallel lines. In the 

inset of (a) is the typical normalized current profile of the 

coplanar strip lines. Operating frequency was constant at 20 

GHz for both plots. 

 

 
Figure 3: (a) Plot of the coplanar strip line characteristic 

impedance, and (b) attenuation and propagation velocity as a 

function of frequency. The attenuation increases in value with 

increasing frequency due to dielectric losses and skin effect. 

 

As can be seen, the plotted line parameters show 

that the line functions well, with the propagation velocity 

 (𝛽) at approximately 0.6c at frequencies above 5 GHz. At 

lower frequencies, the real part of the line characteristic 

impedance (Z) can be seen (Fig. 3(a)) to be increasing as 

the imaginary part decreases. This was expected because, 

as conductance (G) decreases, the line characteristic 

impedance (Z) increases accordingly (Eq. 5) [15]. 

 

𝑍 = √
𝑅 + 𝑗𝜔𝐿

𝐺 + 𝑗𝜔𝐶
                                                                       (5) 

 

where R is the resistance, L is the inductance, G is 

the conductance and C the capacitance of the line.  

Although the experimental work focuses only on a device 

operating at microwave frequencies, this technique can be 

ported to devices operating at terahertz frequencies, as 

demonstrated by Fig. 4. The coplanar strip lines design 

was modelled with the same electrical parameters as 

above, but a GaAs substrate (εr ≈ 10.89), rather than glass 

(εr ≈ 4.6) was used. GaAs is a typical substrate used for 

terahertz Applications. 

 

 
Figure 4: (a) Plot of the terahertz coplanar strip line 

characteristic impedance, and (b) the normalized current profile 

of the line. In the inset of (a) is the plot of radiation attenuation, 

and propagation velocity as a function of frequency. 

The initial line lengths used for the microwave-
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frequencies matching structure were determined by solving 

Eqs. (1)–(3) using MATLAB. The design was then 

imported into ADS for the simulation of the device 

impedance and radiation pattern. The optimal matching, as 

obtained from the MATLAB solutions, was found 

for LSTUB = 2.26 mm and LFEED = 2.74 mm, dimensions 

which keep the overall structure compact and introduced 

only a negligible loss of 0.2 dB in the lines.  

The computed antenna impedance at 20 GHz prior 

to the introduction of the impedance matching structure 

(i.e. the coplanar strip lines) was ZA = 97 + i15 Ω as can be 

seen in Fig. 5(a), whereas the diode impedance was to be 

ZD = (10 + i0.01) kΩ, estimated using the diode junction 

area and I–V characteristics. If no matching network were 

used, a 96% power loss would result due to reflections. 

 
Figure 5: A plot of the designed self-complementary bow-tie 

antenna computed impedance as a function of frequency; (a) 

before, and (b) after embedding the coplanar strip lines. The 

impedances are ZA = 97 + i15Ω and ZA = (10 + i0.01) kΩ 

respectively, at 20 GHz. 

 

The matching network developed with the 

technique above was a narrowband. As expected, after 

incorporating the matching structure (i.e. LSTUB and LFEED) 

into the layout, the antenna exhibited a narrowband 

behavior (3dB bandwidth (BW) of 243 MHz and fractional 

bandwidth (FBW) of 1.2%) where the desired impedance 

ZA = (10 + i0.01) kΩ was only obtained at a frequency of 

20 GHz (see Fig. 5(b)). Potentially, a broadband 

impedance matching technique, which involves more 

complex structure with multiple transmission lines, for 

example the Chebyshev transformer [9], can be developed. 

3.0 EXPERIMENTAL RESULTS AND 

DISCUSSION 

3.1 Device fabrication and microwave 

characterisation 

The control rectenna without a matching network 

and the rectenna with a matching network were fabricated 

on a 2 inch borosilicate glass substrate. The antenna 

patterns were transferred onto the glass substrate by 

conventional photolithography. A bi-layer of titanium and 

of gold with a combined thickness of 130 nm was then 

deposited as the antenna conducting metal sheet by e-beam 

evaporation. The gold was selectively etched at the 

antenna feed-point for the control unmatched structure, 

and at the coplanar strip line (LFEED) ends for the 

impedance-matched structure, leaving the titanium at those 

areas exposed. The exposed titanium was then coated with 

OTS followed by the deposition of a layer of platinum 

with a thickness of 40 nm by e-beam evaporation, resulting 

in the Ti/OTS/Pt junctions. The MIM diode detail 

fabrication process and OTS deposition can be found in 

[16]. We have reported the fabrication of the Ti/OTS/Pt 

MIM device on a flexible plastic substrate in [19]. Fig. 6 

shows the fabricated control unmatched and impedance-

matched rectenna devices. 

 
Figure 6: Optical image of the fabricated rectenna devices. (a) Is 

the control unmatched device, (b) is an atomic force microscopy 

(AFM) image showing the MIM rectifier connected to the 

unmatched antenna feed-point, (c) is the matched device with 

the matching network (coplanar strip line) visible, and (d) is an 

AFM image showing the MIM rectifier connected to the 

coplanar strip line ends of the matched device. 

 

Microwave tests were performed on the two 

rectenna topologies using a vector network analyser 
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(VNA) as a power source. The VNA was calibrated using 

a power meter.  A broadband antenna was connected to 

one of the VNA ports and a mechanical chopper with large 

apertures was used to intermittently illuminate the rectenna 

while the signal was read out using a lock-in amplifier. All 

measurements were performed at room temperature. 

The fabricated device radiation pattern was first measured 

and compared with that of the simulated model. As 

expected, the normalized responsivity has a maximum at 

the normal incidence as θ = 0; and the experimental data 

were in a relatively good agreement with the simulated 

data, as can be seen in Fig. 7. 

 
Figure 7: Measured and simulated radiation pattern of the 

rectenna device in H-plane. 

 

Voltage responsivity of the two rectenna 

topologies was measured over a frequency range of 19 

GHz to 21 GHz (the frequency region that the matching 

technique was implemented), and a fixed microwave 

source power of 32 mW (15 dBm). As can be seen in Fig. 

8, the impedance-matched device produced a voltage 

responsivity of over 6 times higher than the unmatched 

device. The difference in the responsivity of the two 

device topologies was calculated by taking the ratio of the 

responsivity of the matched to that of the unmatched 

device, and is plotted in the inset of Fig. 8.  

The rectenna devices were expected to rectify 

more current than they did here but it was found that the 

conduction mechanisms responsible for transporting 

electrons in the OTS dielectric layer of the Ti/OTS/Pt 

MIM structure is dominated by emissions other than direct 

tunneling, which is a faster conduction mechanism [20]. 

This is responsible for the reduced rectified current by the 

rectenna devices.  

The voltage and current responsivity of the 

devices were further tested at source power ranging from 

0.32 mW to 32 mW (-5 dBm to 15 dBm). Figs. 9(a) and 

9(b) show the plot of the measured voltage and current 

responsivity of the two device topologies as a function of 

source power (with operating frequency kept constant at 

20 GHz). As can be seen, the responsivities increased 

linearly with an increase in the source power. Also, the 

approximately one order of magnitude difference in the 

responsivities between the matched and unmatched 

devices can be seen at the source power of 32 mW (15 

dBm). 

 

 
Figure 8: Plot of voltage responsivity as a function of frequency 

for the impedance-matched and unmatched rectennas. In the 

inset is the difference between the outputs of the two device 

topologies. The operating source power was kept constant at 32 

mW (15 dBm).  

 

 
Figure 9: Plots of measured (a) voltage responsivity, and (b) 

current responsivity as a function of source power for the 

matched and unmatched devices. The operating frequency was 

kept constant at 20 GHz. 
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The effective area of the radiating antenna and of 

the antennas used in the two rectenna topologies is the 

same. The antenna gains, line losses, and actual power 

being radiated and absorbed by the radiating and 

receiving antennas respectively are irrelevant for the 

purpose of this work, as we are only interested in the 

relative difference in the rectified voltage between the 

unmatched and matched rectenna devices. Measurements 

were performed on the two rectenna topologies with the 

same set-up and under the same conditions. 

 

4.0 CONCLUSION 

A simple and effective technique to match the low 

impedance of an antenna to the high impedance of a fast 

rectifier has been modelled, implemented experimentally 

and tested in zero-bias sensing rectennas. In the model, the 

matching network overcame the approximately 96% power 

loss due to impedance mismatch between the antenna and 

rectifier. Experimental results showed that the impedance-

matched device produced a dramatically enhanced 

responsivity when compared with the unmatched device, 

with a difference of responsivity of almost an order of 

magnitude between the two topologies. The design is 

suitable for narrow-band electromagnetic sensing 

applications, which, combined with optimised MIM 

junctions, can extend up to THz frequencies. 
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