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Abstract: Low power microwave energy harvesting rectennas have been simulated from 0.1 to 100 GHz. 

Comparison of previously published configurations, and selection between two widely used Schottky diodes and 

one promising commercially available Schottky diode, has been performed to evaluate efficiency across the range 

of frequencies. Analysis from our results give, for the first time, a clear explanation as to why a series rectification 

is more efficient than a shunt configuration for frequency scalable rectennas, finally clarifying previous 

inconclusive results from the literature. Conversion efficiencies around 7% have been accomplished by a single 

detector series configuration at 60 GHz and an input power of 0 dBm. Alternate simulations with other 

configurations, such as a voltage doubler, have been analyzed, demonstrating that they can provide a higher voltage 

than a series configuration. 
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INTRODUCTION 
The numerous applications of wireless sensor 

networks (WSN) have made this challenging area of 

technology potentially a very profitable one. 

Defence-related applications motivated the initial 

research in this field. However, this technology was 

soon adapted to civil applications ranging from 

industrial sensing, to home automation and healthcare.  

Even though WSNs have been evolving, powering 

them has been a crucial limiting factor. Several energy 

sources have been explored, such as small wind 

turbines, solar cells, MEMS-based generators, and 

thermal gradient generators [1]. In many of these 

cases, the energy sources are not always accessible, 

and so, microwave power collection has been 

considered as an alternative way of producing direct 

current (dc) power.  

Wireless energy can be harvested to provide a dc 

source with a rectifying antenna, also known as a 

rectenna. The basic rectenna design consists of an 

antenna that acts as a transducer for harvesting 

electromagnetic radiation, an impedance matching 

stage, and a diode to rectify the signal. Different 

rectennas have been designed since the 1950s. Recent 

and successful attempts have been published by 

Hagerty et al. [2] and Salter et al. [3], where rectenna 

arrays working from 2.45 to 18 GHz and 1 mm3

 

 

rectennas have been presented respectively. Different 

configurations and devices have been used extensively 

by many research groups, but no clear explanation has 

been given as to why a certain device or configuration 

has been chosen. The aim of this paper is to present a 

consistent and thorough analysis of RF detectors and 

basic rectenna designs as the basis for future low 

power and dual high frequency rectennas across a 

range of frequencies. 

 

RF DETECTOR SELECTION 

To start the rectenna design, millimetre-wave 

Schottky diodes were selected, based on the open 

literature and on commercially available alternative 

devices. Schottky diodes were selected for rectification 

purposes because of their shorter transit time when 

compared to p-n diodes and transistors, and for their 

low turn-on voltage as well. This low turn-on voltage 

is required because the diode will not operate with bias 

and consequently will not operate in the steepest 

region of the I V curve. Therefore, Schottky diodes 

that are able to operate with zero bias are needed for 

low power, high frequency rectification.  

From the open literature, the HSMS-2850 and the 

SMS7630 Shottky diodes were selected for their zero 

bias characteristics and their already proven 

performance from 0.8 to 5 GHz [2]. The MZBD-9161 

GaAs beamlead detector was selected because of its 

comparable performance to the previously described 

diodes and its flat detection response from 1 to 

110 GHz. The important characteristics of these diodes 

are presented in Table 1. 

 

Device Cj [pF] Rs [ȍ] Rv [kȍ] Lp [nH] Cp [pF] 

SMS7630 0.14 20 5000 0.7 0.11 

HSMS-2850 0.18 25 8000 2 0.08 

MZBD-9161 0.035 20 3000 0.3 0.011 

Table 1. Small-signal characteristics for Schottky 

diodes 

 

SIMULATION SETUP 
Low power microwave energy harvesting 

rectennas were simulated from 0.1 to 100 GHz, in 

order to compare previously published configurations 

and to select a semiconductor device that would 

achieve a higher conversion efficiency. Analysis from 

our results give, for the first time, a clear explanation 
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as to why series rectification is more efficient than a 

shunt configuration for frequency scalable rectennas, 

finally clarifying previously inconclusive results from 

the literature. 

Rectification is inherently a large-signal operation 

and therefore assuming a constant value of Rs

The antenna was simulated using its equivalent 

Thevenin circuit with a single tone power source and 

source resistance [4]. The source resistance represents 

the input impedance of the antenna, which has to 

match the impedance of the rectifying circuit to ensure 

maximum power transfer. An initial 50 ȍ impedance 
was selected for the antenna, because it is an industry 

standard reference value for antennas and transmission 

lines. The available power density for signals around 

0.8 to 2.45 GHz are around 0.0002 to 1.5 µW/cm

 (i.e. a 

linearised model) is invalid. In addition, junction 

capacitance is very important at high frequencies [2]. 

For these reasons, the large signal harmonic balance 

(HB) simulation tool from Agilent ADS was chosen to 

simulate rectenna designs at different frequencies and 

input powers levels.  

2
, 

with an average of 0.27 µW/cm
2
 [5]. A half-wave 

square patch antenna for 2.45 GHz has an area of 

36 cm
2
. Thus, for a power density of 0.27 µW/cm

2
 that 

is being received by a 36 cm
2

 

 antenna, the available 

power is 9.72 µW or -20 dBm. If a WiGig or WiHD 

router is to be used as the energy source, the FCC and 

IEEE 802.11n standards indicate that if the transmitted 

power is +27 dBm, the maximum gain of the antenna 

can be +27 dBi. For calculating the available power at 

60 GHz the power link budget and free space loss 

equations shown in Equations 1 and 2 were used. The 

available power at the receiving antenna is calculated, 

using a gain of 32 dBi, as the one designed by Menzel 

et al. [6]. In this case we consider the fade margin loss 

to be zero because the transmitter and receiver will be 

in direct line of sight, as suggested by the 

manufacturers of the routers. The available power at 

60 GHz with the previous stated characteristics is 

0 dBm at a distance of 8 m. Therefore, during 

simulations power values were swept 

between -40 to 0 dBm. 

MfsRxTxTxRx LLGGPP −−++=                      (1) 

 







=

λ
πD

L fs

4
log20                                           (2) 

 
Where PRx and PTx are the received and 

transmitted power, GRx and GTx are receiver and 

transmitter antenna gain, LM is fade margin, Lfs

The first problem to solve was to understand why a 

series configuration is better or worse than a shunt 

configuration. Circuits presenting both configurations 

are shown in Figures 1.(a) and 1.(b). 

 is free 

space loss, and D is the distance from transmitter to 

receiver. Once the rectifying devices, antenna 

equivalent, and input power were selected, HB 

simulations were performed for different rectenna 

configurations. For every power, frequency values 

from 0.1 to 100 GHz were swept with different 

resistive loads. With each simulation, the optimum 

load resistance was selected and an input L-matching 

network was designed. 

Vin

Rload

Antenna

L-matching

network

Vdc

Cout

 (a) 

Antenna

L-matching

network

Vdc

Cout Rload

Vin

 (b) 

Figure 1. (a) Series rectenna; and 1.(b) shunt rectenna 

configurations with impedance matching network.  
 

Many designs have stated that the series configuration 

is the best [7], [8], but others have stated differently 

[9], [10]. No one has given a clear explanation of why 

one is better than the other; therefore, a consistent 

analysis of both configurations was necessary to 

clarify this issue. 

 

SIMULATION RESULTS 
To ensure that all the different simulations were 

compared on the same basis, all configurations were 

tested with and without a good impedance match for 

each frequency, power, and load selected. To optimize 

the rectenna, the load that gave the highest conversion 

efficiency without an impedance match was selected as 

the optimal value. After this, the impedance seen from 

the antenna was measured and used to design the L-

matching network. Finally, output dc power, 

conversion efficiency, and mismatch loss were 

calculated. Equation 3 and 4 [11] show the equations 

for conversion efficiency and mismatch loss or 

mismatch efficiency. 

 

powerRFinputavailable

powerdcoutput
=η

                      (3) 

 
2

1 Γ−=mismatchη                                                 (4) 

Where Γ is the voltage-wave reflection coefficient. 

Figure 2 shows the simulation results for the LC 
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impedance-matched series configurations at an input 

RF power of -20 dBm. The HSMS-2850 presented the 

highest conversion efficiency for 0.1 GHz to 1 GHz, 

the SMS7630 for 1 to 10 GHz, and the MZBD-9161 

presented the highest efficiency between 10 to 

100 GHz. For all diodes, frequencies, and powers, the 

impedance matched rectenna had a ηmismatch close to 

100%, compared to the unmatched rectenna which had 

a ηmismatch

 

 below 86%.  

Figure 2 Conversion efficiency of an 

impedance-matched series configuration rectenna. 

 

In Figure 3 the simulation results of an 

impedance-matched series rectenna configuration is 

presented, highlighting that the MZBD-9161 shows 

great potential for high frequency applications. The 

impedance-matched series configuration achieved the 

highest conversion efficiency for all swept powers and 

frequencies. The highest conversion efficiency at 

2.45 GHz was 33.86%, with the impedance-matched 

SMS7630 in a series configuration with a 3250 ȍ load. 
The best conversion efficiency at 60 GHz was 6.83%, 

with the impedance matched MZBD-9161 in a series 

configuration and a 300 ȍ load. Similar results to a 

recent publication from Costanzo et al. [12] were 

found at 2.45 GHz, using the SMS7630, thus proving 

to be one of the best zero bias detectors for frequencies 

near 2.45 GHz. Furthermore, similar sensitivity results 

to Song et al. [13] were obtained at 100 GHz with a dc 

output voltage of 93 mV per 1 mW of input RF power.  

The correlation of Figure 3 and Table 1 indicate 

that the junction capacitance and its relationship with 

the output capacitor is the crucial factor in determining 

the optimal configuration. A good approximation of 

the impedance, seen from the antenna, can be 

calculated using the small-signal equivalent diode 

model presented in Figure 4 [14]. It is important to 

note that only the load values around the optimal 

selected loads could be matched using realistic 

component values, thus the value of R load could not be 

increased. The value of Rload

 

 was selected, as 

previously discussed, because its value together with 

the diode impedance was near the normalized centre of 

the Smith chart, making it easy to achieve an 

impedance match with a simple L-network. 

Figure 3 MZBD-9161 impedance matched series 

configuration results. 

 
With a series configuration, the value of Cj(V) 

dominates the circuit’s impedance, as long as 

Cout>Cj(V), and thus Cout has little or no effect on the 

matching circuit. This allows Cout to be large enough 

to provide a ripple-free output voltage. In contrast, Cout 

must be less than 1 pF to achieve a good 

impedance -match with a shunt configuration as Cout 

appears in parallel with Cj and Cp. However, Cout

 

 is 

too small to provide a ripple-free dc voltage to the 

load. 

Cj(V)

Cp

Lp Rs(V)

Rv(V)

A C

 
Figure 4 Small-signal Schottky diode model. Cp 

parasitic capacitance, Lp parasitic inductance, Rs(V) 

parasitic series resistance, Rv(V) video junction 

resistance, Cj

 

(V) junction capacitance. 

Once the zero bias diode detector was selected to 

work at high frequencies, and the basic rectenna 

configurations were analyzed and simulated, other 

configurations were compared against the series 

impedance-matched configuration using the 

MZBD-9161 at 60 GHz. For frequencies around 

2.45 GHz, different configurations have already been 

tested. Therefore, for configuration comparison, 

60 GHz input signals, as transmitted by WiGig routers, 

were used to provide a new input at a frequency not 

previously tested before. The first configuration that 

was compared was the voltage doubler, since it has 

been widely used with success in other designs [3].  

When comparing the voltage doubler with the 

series configuration at -10 and 0 dBm, the voltage 

increased more than 35%, whilst the conversion 

efficiency decreases by more than 12%. The 

impedance matching is easier because the impedance 

of both diodes is in parallel. Nevertheless, it does not 

provide an impedance that could work efficiently 

without the matching network. 

Another configuration was tested with two 
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MZBD-9161 connected in series, to have a double 

series rectenna, as used by Akkermans et al. [15]. It 

was found that whilst adding diodes in series 

decreased the conversion efficiency and voltage 

output, ηmismatch

 

 could be increased when no matching 

network was used. 

CONCLUSION  
Simulation setup and results have highlighted a 

few of the difficulties in rectenna design. Due to the 

low level of available power, at frequencies around 

2.45 GHz and especially at 60 GHz, concurrently 

harvesting energy at these two frequencies will provide 

an advantage for single frequency rectennas. A 

consistent analysis was performed in selecting a 

detector device that could work at frequencies above 

the 2.4 GHz ISM band. An extensive comparison of 

the selected detectors in different configurations was 

performed and a clear frequency range for each device 

was established. The MZBD-9161 Schottky diode 

showed good performance even under zero bias 

operation and will be used on frequency scalable 

rectennas. This will be the foundation for future 

applications for wireless sensors operating at 2.45 and 

60 GHz, such as WiFi and WiGig. Conversion 

efficiencies from around 33% and 6% can be expected 

for input power levels of -20 and 0 dBm at 2.45 and 

60 GHz, respectively. An important breakthrough was 

achieved by understanding why a series configuration 

is better than a shunt configuration. By performing a 

complete analysis of how the different elements of the 

diode’s model behave at different frequencies, the 

operation at high frequencies was predicted. In 

addition, key benefits of each configuration were 

highlighted. 

 

REFERENCES 
[1] P.D. Mitcheson, E.M. Yeatman, G.K. Rao, A.S. 

Holmes, and T.C. Green, “Energy Harvesting 

From Human and Machine Motion for Wireless 

Electronic Devices,” Proceedings of the IEEE, 

vol. 96, no. 9, pp. 1457-1486, 2008. 

[2] J.A. Hagerty, F.B. Helmbrecht, W.H. McCalpin, 

R. Zane, and Z.B. Popovic, “Recycling ambient 

microwave energy with broad-band rectenna 

arrays,” Microwave Theory and Techniques, 

IEEE Transactions on, vol. 52, no. 3, pp. 1014-

1024, 2004. 

[3] T. Salter, K. Choi, M. Peckerar, G. Metze, and 

N. Goldsman, “RF energy scavenging system 

utilizing switched capacitor DC-DC converter,” 

Electronics Letters, vol. 45, no. 7, pp. 374-376, 

2009. 

[4] A. Georgiadis, G. Andia, and A. Collado, 

“Rectenna Design and Optimization Using 

Reciprocity Theory and Harmonic Balance 

Analysis for Electromagnetic (EM) Energy 

Harvesting,” Antennas and Wireless Propagation 

Letters, IEEE, vol. 9, pp. 444-446, 2010. 

[5] U. Bergqvist et al., “Mobile telecommunication 

base stations–exposure to electromagnetic 

fields,” Report of a Short Term Mission within 

COST 244bis. URL accessed on, vol. 19, 2005. 

[6] W. Menzel, M. Al-Tikriti, and M.B. Espadas 

Lopez, “Common aperture, dual frequency 

printed antenna (900 MHz and 60 GHz),” 

Electronics Letters, vol. 37, no. 17, pp. 1059-

1060, 2001. 

[7] Y.-J. Ren and K. Chang, “5.8-GHz circularly 

polarized dual-diode rectenna and rectenna array 

for microwave power transmission,” Microwave 

Theory and Techniques, IEEE Transactions on, 

vol. 54, no. 4, pp. 1495-1502, 2006. 

[8] T. Ungan, X. Le Polozec, W. Walker, and L. 

Reindl, “RF energy harvesting design using high 

Q resonators,” in Wireless Sensing, Local 

Positioning, and RFID, 2009. IMWS 2009. IEEE 

MTT-S International Microwave Workshop on, 

pp. 1-4, 2009. 

[9] S.A. Bhalerao, A.V. Chaudhary, R.B. 

Deshmukh, and R.M. Patrikar, “Powering 

Wireless Sensor Nodes using Ambient RF 

Energy,” in Systems, Man and Cybernetics, 

2006. SMC '06. IEEE International Conference 

on, vol. 4, pp. 2695-2700, 2006. 

[10] Q. He and C. Liu, “An enhanced microwave 

rectifying circuit using HSMS-282,” Microwave 

and Optical Technology Letters, vol. 51, no. 4, 

pp. 1151-1153, 2009. 

[11] J. McLean, R. Sutton, and R. Hoffman, 

“Interpreting Antenna Performance Parameter 

for EMC Applications Part 1: Radiation 

Efficiency and Input IMpedance Match,” TDK 

RF Solution Inc., 2007. 

[12] A. Costanzo, M. Fabiani, A. Romani, D. Masotti, 

and V. Rizzoli, “Co-design of ultra low power 

RF/Microwave receivers and converters for 

RFID and energy harvesting applications,” in 

Microwave Symposium Digest (MTT), 2010 

IEEE MTT-S International, p. 1, 2010. 

[13] C. Balocco and A.M. Song, “Novel 

Semiconductor Nanodevices for Detections of 

THz Signals,” in Nano/Micro Engineered and 

Molecular Systems, 2006. NEMS '06. 1st IEEE 

International Conference on, pp. 1292-1296, 

2006. 

[14] S. Lucyszyn, G. Green, and I.D. Robertson, 

“Accurate millimeter-wave large signal modeling 

of planar Schottky varactor diodes,” in 

Microwave Symposium Digest, 1992., IEEE 

MTT-S International, pp. 259-262 vol.1, 1992. 

[15] J.A.G. Akkermans, M.C. van Beurden, G.J.N. 

Doodeman, and H.J. Visser, “Analytical models 

for low-power rectenna design,” Antennas and 

Wireless Propagation Letters, IEEE, vol. 4, pp. 

187-190, 2005. 
 

44 PowerMEMS 2010, Leuven, Belgium, December 1–3, 2010


