RECTENNA: INSET-FED AND EDGE-FED “PATCH” ANTENNAS WITH
RECTIFYING CIRCUIT
Corey Bergsrud1, Chase Freidig1, Matthew Anderson2, Matthew Clausing2, Timothy Dito3, and
Sima Noghanian1
1

University of North Dakota, Department of Electrical Engineering
University of North Dakota, Department of Technology
3
Alumnus of University of North Dakota, Department of Electrical Engineering
2

ABSTRACT
This paper presents the complete process of design theory, manufacturing, and testing of
microstrip rectennas at the University of North Dakota. The rectenna is an antenna integrated
with a rectifying circuit. Patch antennas resonating at 2.45 GHz were simulated, manufactured
and tested. Simulated and measured results were compared. Furthermore, a microwave rectifier
was designed, manufactured, and tested for its impedance matching and rectification efficiency
from AC to DC. Efficiency of 21% was achieved at a power input of 15dBm for 2.45 GHz. The
combination of antenna and rectifier was tested for overall efficiency
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INTRODUCTION
Wireless power applications are of interest in the harnessing of the sun’s radiant energy by
means of Space Based Solar Power (SBSP) satellites, and converting and beaming that energy
wirelessly via microwaves to receiving antennas on Earth. The rectifying antenna arrays on Earth
receive and convert the microwave energy into a usable energy in the form of Direct Current
(DC). The antennas collect the energy and the rectifying circuit converts the Alternating Current
(AC) from microwave into a DC output. The combination of an antenna and a rectifier is called a
rectenna.
This paper will look at two antenna designs with different matching methods, namely, 1)
inset feed, and 2) quarter wave transformer. These antennas were used in a rectenna, at 2.45
GHz, which is in the microwave spectrum. The antennas and rectifying circuit will be discussed
separately leading into the integration of the two to form a rectenna. All parameters and specific
explanations of the design steps for rectenna are given, including test setup and procedures along
with results and planned applications. Furthermore, manufacturing is explained briefly. In
conclusion, future research directions are discussed.

DESIGN
A. Antenna
Antennas are used to receive and transmit electromagnetic energy. For this design, quarter
wave transformer and inset fed rectangular microstrip patch antennas were used with an edge fed
power feeding method. Patch antennas were used because of their ease of integration with
Printed Circuit Board (PCB) technology. A general two-dimensional (2D) representation of a
patch antenna is given in Figure 1.
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Figure 1 2D representation of a patch antenna.

In this figure the parameters are:
L = Length of the patch
d = depth of the substrate
t = thickness of the patch
The characteristics of the antennas are defined mainly by their geometries and the material
properties from which they were made. Basically, a microstrip “patch” antenna is a radiator that
is placed on top of a grounded dielectric (substrate). The design of patch antennas requires
precise physical dimensions, and power feeding method/location for the antenna. We used
Rodgers 4003c for substrate [1]. This substrate has a dielectric constant of εr = 3.55 F/m and
height d = 1.524 mm. The frequency of interest was fo = 2.45 GHz. The antennas were designed
based on these three parameters. Theoretical design analysis is described in [2]. The width of the
patch was found as:
Eq. 1
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where c is the speed of light, εr is the dielectric constant, and fo is the operating frequency of
interest. Knowing the patch width, the effective permittivity can be determined as:
Eq. 2
Effective permittivity must be taken into account because of fringing fields. Fringing fields are a
part of the electric field lines that are partly in the substrate dielectric and partly in the air (Figure
2). If this inhomogeneous medium (air and the dielectric) is replaced with a homogeneous one,
then all properties of the line or patch remain unchanged [3].

Figure 2 Fringing fields [2].
Because of the fringing effects, electrically the patch of the microstrip antenna looks greater
than its physical dimensions. This phenomenon will be represented by ΔL, which is a function of
the effective dielectric constant εeff and the width-to-height ratio (w/d) found as:
Eq. 3
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Since the length of the patch has been extended by ΔL, the effective length of the patch is found
as:
Eq. 4
The values of w and Leff were then verified by means of an online microstrip patch antenna
calculator [4].
After finding the patch size the antenna feed line should be designed. The patch antenna
was matched to Zo = 50 Ω transmission lines where two matching methods were considered:
inset feed and quarter wave transformer. Matching reduces the loss of the signal and reflected
power towards the transmission line that supplies a smooth transition of energy from the antenna
input impedance to the feed line. The program in [4] also provided the input impedance at the
edge of the patch antenna Zin = 204.75 Ω. The quarter wave transformer was designed
theoretically by first calculating its characteristic impedance as:
Eq. 5
Inserting the appropriate collected data into the transmission line calculator [5], the desired
length and width of the quarter wave transmission line was calculated. Furthermore, utilizing [2]
the inset-feed length was found as:
Eq. 6
Where yo is the width of inset as shown in Figure 3 as suggested in [6].
The antenna was simulated by commercial full wave analysis, FEKO [7]. The resonant
frequency of 2.45 GHz was found by simulation. The dimensions for the two antennas are given
in Figure 4 and Figure 5.
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Figure 3 Showing the width of the inset [6].

Figure 4 Dimensions for Quarterwave matching Antenna.
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Figure 5 Dimensions for Inset fed Antenna.
B. Rectifier
An electrical schematic for the rectifying circuit is shown in Figure 6. The circuit consists of
a 50 Ω transmission line, capacitor (C1 = 3.3 pF) in series with a half-wave rectifier. The
capacitor is used as a low pass filter before the diodes (D1 and D2), which decreases the ripple
current, creating a smoother DC output.

Figure 6. Rectifying circuit, transmission line and antenna.

7
The main consideration in deciding the type of rectifier is to determine whether to use a
half-wave or full-wave rectifier. Essentially a half-wave rectifier converts only a half cycle of the
AC signal to DC, while a full-wave rectifier converts the full wave cycle of the signal. In our
design a Schottky barrier diode (PMBD353) [8] was used in a half-wave rectifier, and has a
voltage drop of 0.14-0.45 V. This low voltage drop provides high switching speed and better
system efficiency.
The high frequency diode model contains two parasitic capacitances and one inductor [9].
From this information the impedance of the rectifier was calculated as ZL = 6.5 +j0.789Ω. The
rectifier circuit was drawn using PCB designing software Eagle [10], as shown in Figure 7.

Figure 7. Rectifier circuit in Eagle. Courtesy of Tim Dito.
C. Rectenna
To build the rectenna, the antenna and the rectifier were first tested separately for specific
electrical values relative to their electrical behaviors. Specifically, the S-parameters (converted to
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Z parameters) of the rectifier were determined from a network analyzer. Z11 = 13.57 – j41.28Ω.
Once this value was known, a single stub transmission line tuner was calculated using [11] to
give the stub length of 21.13 mm and [12] gave a width of 3.436 mm. This stub was used as a
matched circuit between the antenna and the rectifier. The two rectennas shown in Figure 8 were
generated using Eagle PCB development software [10].

Figure 8. Complete rectennas in Eagle. Courtesy of Tim Dio.
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MANUFACTURING
A. Dry Etching Process
Manufacturing was done at UND’s Department of Technology. First, the dimensions of the
antennas were entered into Auto CAD. From Auto CAD the dimensions were transferred to
PartsWizard 3.0, where machine tool paths were determined and then uploaded to the Computer
Numerical Controlled (CNC) router (the Shop Bot). The PCB was placed below the trimmer and
manufacturing proceeded.
B. Chemical Etching Process
The chemical etching process began by creating files in Eagle software. Eagle designs for a
rectifier and two types of rectennas were shown in Figure 7 and Figure 8, respectively. The board
was painted on the front and back, and output files from the Eagle designs were uploaded into
laser cutting program (Epilog laser, Mini/Helix-Model 8000, 75 Watts, 24x18 inches) in the
Technology Department. The laser burns away all the paint from the copper except for the design
of interest. The board was taken to an acid etching station (Kepro model bte 202) in the
Technology Department. The board was dipped in the acid bath and the copper clad was etched
away. Next the paint was removed from the remaining copper clad, leaving the design on the
board.
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TESTING
A. Antenna
Antenna testing was done in the Applied ElectroMagnetics Engineering Laboratory
(AEMEL) at UND’s Electrical Engineering Department. Antenna testing included the input
impedances and reflection coefficient measurements. The setup for this experiment is shown in
(Figure 9), requiring a vector network analyzer, an antenna, and a coaxial cable. Results of this
experiment are given in the results section.

Figure 9 Testing setup of the antennas to determine fo, S11, and BW.
B. Rectifier
The test setup is shown in Figure 10. This test required a signal generator, multi-meter,
and a rectifier. The input AC signal was generated by a signal generator at frequencies of
interest. The rectifier converted AC to DC. A multi-meter was used to measure the voltage
across a ¼ W 51Ω resistor in order to calculate the DC voltage output. Then current was
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calculated as I = V/R. Once voltage and current were determined the power was found. This test
determined the rectifiers power conversion efficiency from AC to DC.

Figure 10. Laboratory setup and testing for the rectifier.
C. Rectenna
The experiment consisted of a signal generator, a horn antenna, our manufactured antenna
and rectifier, and multi-meter, as demonstrated in Figure 11. The signal generator generates a
signal sent to the horn antenna which transmits power wirelessly to a receiving antenna that
collects the AC power. This signal travels to the rectifier at different distances and is converted
to DC power. The results of this experiment are presented later.
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Figure 11. Laboratory setup and testing for the rectenna.
RESULTS
A representation of S11 parameter vs. frequency is shown in Figure 12. The resonant
frequency of both antennas was very close to the desired 2.45 GHz frequency, with the quarter
wave matched antenna resonant at 2.42 GHz and the inset fed resonant at 2.55 GHz. S11 was at 24 dB for quarter wave matched antenna at 2.42 GHz, and -20 dB for the inset feed. The Band
Width (BW) of the inset feed was wider with 140 MHz compared to the quarter wave matched
antenna with about a 90 MHz.
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Figure 12. Measurements from the antennas.
The rectifier experiment was done by varying frequency over some fixed power as shown
in Figure 13. The frequency ranged from 1.5 GHz to 2.6 GHz, with a maximum power level of
15dBm or 31.622mW. Efficiency was calculated η = Powerout/Powerin × 100. At the frequency of
interest, fo = 2.45 GHz, maximum power of 15dBm converted 21% of AC power was converted
to DC.
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Eﬃciency vs. Frequency
25

Eﬃcency (%)

20

0 dBm

15

2 dBm
4 dBm
6 dBm

10

8 dBm
10 dBm
15 dBm

5

0
1.5

1.6

1.7

1.8

1.9

2

2.1

2.2

2.3

2.4 2.45 2.5 2.55 2.6

Frequency (GHz)

Figure 13 Efficiency vs frequency
The results shown in Table 1 were measured at various distances between receiver and
transmitter antenna (horn) with a constant 0 dBm transmission of power.
Table 1 Measured DC power by varying the distance of the receiving antennas from the
transmitting horn antenna at a fixed transmitted power level of 0dBm.
Distance (in)
3
6

Inset Feed
DC Power ( W)

Quarter Wave
DC Power ( W)

11.25

2.50

5.86

1.06

15
12
18
24
30
36

1.50

0.67

1.19

0.27

0.43

0.15

0.31

0.15

0.27

0.12

The fabricated circuits are shown in Figure 14 and Figure 15 for the rectifier and
rectenna, respectively.

Figure 14 Manufactured and populated rectifying circuit.
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Figure 15. Manufactured product of quarter wave matched and inset fed rectannas.

CONCLUSION
With advancements in “Space Based Solar Power” and the ever-growing need for sources of
alternate energy, and for energy sustainability, rectennas will become a major component of the
new energy era. The idea is relatively simple: take energy from the sun, convert it into
microwaves, and send that energy to a receiving rectenna on Earth, where it is converted into a
form of usable energy (DC).
This paper has given the initial design, manufacturing and testing steps of a rectenna that was
done all in-house at the University of North Dakota.
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FUTURE WORK
Our future work focuses on improving rectenna design. Furthermore, a closer look into
power density is needed for further experimentations. With power density there will be a need
for antenna and rectifiers that can handle high power levels.
In future experiments, based on a survey of the best available rectenna designs for the
application of wireless space-based solar power, new ideas for design, manufacturing and testing
the next-generation rectennas will be investigated. The possibility of using rectenna arrays will
be examined. Rectenna arrays will be optimized to allow maximum power conversion.
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