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Design and Measurement of Multi-Frequency Antennas
for RF Energy Harvesting Tags

Céline Leclerc1, 2, *, Matthieu Egels1, 2, and Emmanuel Bergeret1, 2

Abstract—In this paper, a methodology to design non-50 Ω antennas for energy harvesting is presented.
Two prototypes are simulated and realized on an epoxy substrate: one operating at 433 MHz and
900 MHz, the other at 900 MHz and 2.4 GHz. These antennas are designed to match the input
impedances of an integrated radio-frequency harvester for an output voltage of 1V, value chosen
considering the voltage needed to power the new generation of micro-controllers and electronic circuits
for the Internet of Things. The measurement results indicate a reflection coefficient below −10 dB at
the frequencies of interest, validating the methodology.

1. INTRODUCTION

Nowadays, energy harvesting is a key point in a lot of systems. Typical example is the node of the
Internet of Things (IoT) which must be energetically autonomous. To achieve this objective, it has to
harvest energy in its surrounding and store it in batteries to supply devices. If photovoltaic energy is
often presented to be a solution for harvesting (from the sun or from a lamp for instance), RF (radio-
frequency) energy that can come from WiFi, home automation, or telecommunication can reach area
without light. Complex systems are used to harvest these forms of energies, to convert them into a
DC (Direct Current) voltage and eventually to store them. Most of the time, in case of RF energy it
works for only one frequency. Besides, before the voltage converter, an antenna is used, operating at
the selected frequency. This one must be matched to the harvesting chip.

In this paper, antennas for harvesting RF energy are presented. These kinds of antennas are
often designed with a 50 Ω input impedance. Therefore matching networks are used to convert the
antenna input impedance to the conjugate of the impedance of the chip Z∗

chip [1–4]. However, in case of
energy harvesting, this solution is not suitable as it increases bulkiness and losses. At very low levels of
harvesting, it is not possible to assume these losses. Thus a system with direct connexion and impedance
matching must be used.

Moreover, in order to collect as much energy as possible, the antenna and the complete system must
operate in several frequency bands. However, if creating a single frequency antenna with a complex
input impedance is a known problem, it is a key challenge to design multi-frequency antennas with
different complex input impedances in order to increase the harvested RF energy. Besides, using only
one antenna and one circuit saves place and avoid the need to multiply circuits and antennas working
each at only one frequency [5–7].

In Section 2 the design of this kind of antenna will be presented introducing methodology of design.
Two antennas are presented: one operating at 433 MHz (home automation) and at 900 MHz (telephony)
and another one at 900 MHz and 2.4 GHz (WiFi). The latter one is sized to be able to contain in a
credit card. Main simulation results are presented.
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In Section 3, these antennas are realized, using a laser etching machine, on FR4 epoxy substrate. A
way to efficiently characterize these kind of non-50 Ω antennas is discussed and applied to the realized
antennas. Finally the main measurement results are shown and compared to the simulation results.

2. DESIGN: METHODOLOGY AND SIMULATION RESULTS

The aim of this work is to design an energy harvesting antenna operating at two arbitrary frequencies.
Two independent cases are considered, with different frequency bands and similar antenna design. One is
working at 433 MHz and 900 MHz (see Fig. 1(a)), the other one at 900 MHz and 2.4 GHz (see Fig. 1(b)).
The antennas are simulated with HFSS [8], a finite element method solver for electromagnetic structure
from Ansys, on a FR4 epoxy substrate of height h = 1.6 mm, tan(δ) = 0.02, εr = 4.4, and copper
thickness t = 35 µm.

The methodology of design is similar in both cases. The idea is to use slotted bow-tie antennas [9–
11]. The slotted design helps improve the targeted impedances, which have a positive imaginary part,
and the form of the radiation pattern. First, the antenna at the lower frequency is designed. It has a
slotted bow-tie form, alimented in its center. As a first approximation, the overall size of the antenna
is of λg/2, with λg = λ0/

√
εr = c0

f0
√

εr
, with c0 = 3 · 108 m · s−1 and f0 the operating frequency. This

length is modified to approximately reach the expected values of real and imaginary parts of the desired
input impedance. The angles are filleted to help obtain the wanted input impedance and improve the
gain. The aperture is modified to reach a trade-off between the input impedance and the gain, with an
average value of 45◦ to begin.

When the low frequency antenna works, the antenna for the upper frequency is inserted inside it.
Again, its maximal size is around λg/2. However, it cannot be connected at its center like previously.
Instead, it is fed by coupling effects with the large antenna (for the lower frequency). In order to have
these coupling effects, this second antenna has to be close enough to the first antenna. Therefore, the
distance between the two antennas is fixed, as for the width of the inside antenna and the distance from
the center. If the high frequency antenna is too close from the center, and thus from the excitation of the
output antenna, the gain at the higher frequency can be highly deteriorated. The same problem emerges
if the two antennas are too close from each other. Once these facts are considered, the modification
of the geometry is similar: the length of λg/2 is changed to approximately reach the input impedance.
Next, the angles are filleted and the aperture is tuned to improve the gain without impeding the input
impedance. The aperture for the small antenna being modified, the one for the large antenna is also
modified in order to keep the sides of both antennas parallel. Finally, the low frequency antenna needs
to be slightly adjusted due to the insertion of the other antenna which brings slight coupling effects.
It is a trade-off to obtain the expected impedances without degrading the radiation patterns and the
value of the gains.

The chip used with these antennas is a custom-made chip [12, 13] which has a measured input
impedance at 433 MHz for an output voltage of 1V which is around 425 − j1200. For 900 MHz, it is
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Figure 1. Antennas operating at two frequencies (the metallic portions are in grey). (a) 433 MHz and
900 MHz. (b) 900 MHz and 2.4 GHz.
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(a) (b)

Figure 2. Vector of the surface current distribution on the 433 MHz and 900 MHz antenna. (a) At
433 MHz (lower frequency). (b) At 900 MHz (higher frequency).
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Figure 3. Simulation results of the antenna operating at 433 MHz and 900 MHz. (a) Simulated
impedances. (b) Simulated gain.

85−j570 and for 2.4 GHz, it is 14−j208. The antennas are designed to be matched to these impedances,
using the above mentioned procedure.

First the antenna operating at 433 MHz and 900 MHz is designed. Its global size is 18.5 cm×9.5 cm.
Simulating this antenna with a lumped port, Fig. 2 illustrates how the vectors of the surface current
are distributed. It validates that at 433 MHz (Fig. 2(a)) the maximum of currents are on the outer
antenna and that at 900 MHz (Fig. 2(b)) they are on the inner antenna. The impedances are displayed
in Fig. 3(a). There is a little frequency shift compared as the expected value, placing the resonance
(determined by Eq. (1)) respectively at 447 MHz with a return loss value of −11.7 dB and 913 MHz with
Γ = −10.1 dB. As for the radiation, at 433 MHz, the total gain is of 1.1 dB and at 900 MHz, it is of
1.8 dB (see Fig. 3(b)).

Γ =
Zchip − Z∗

11

Zchip + Z11
(1)

The same design procedure is used to create an antenna working at 900 MHz and 2.4 GHz. As
mentioned in the introduction, its size matches to a credit card format: 54 mm × 85.6 mm. The main
results are presented in Fig. 4(a) and are summarized in Table 1. Again there is a frequency shift at both
operating frequencies, with a return loss Γ = −18.0 dB at 887 MHz and Γ = −10.1 dB at 2.362 GHz.
However, it can still be slightly improved by adjusting the geometric parameters of the antenna. As for
the gain, it is of 1.9 dB at 900 MHz and −0.7 dB at 2.4 GHz (see Fig. 4(b)).
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Table 1. Simulated impedances and gain maximal values at several frequencies.

Antenna
Frequency 433 MHz 900 MHz 2.4 GHz

Zchip 425 − j1200 85 − j570 14 − j208

Zantenna = Z11 87 + j795 81 + j423
433 MHz

Γmin (dB)
−11.7 dB −10.1 dB

+ @447 MHz @913 MHz
900 MHz Gtot (dB) 1.1 dB 1.8 dB

θ3 dB(◦), at φ = 0◦ ±44.4◦ −41.5◦/+45◦

Zantenna = Z11 98 + j674 31 + j248
900 MHz

Γmin (dB)
−18.0 dB −10.1 dB

+ @887 MHz @2.362 GHz
2.4 GHz Gtot (dB) 1.9 dB −0.7 dB

θ3 dB (◦), at φ = 0◦ −44.0◦/+44.2◦ −38.7◦/+38.9◦
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Figure 4. Simulation results of the antenna operating at 900 MHz and 2.4 GHz. (a) Simulated
impedances. (b) Simulated gain.

3. MEASUREMENT

These two antennas have been realized with a laser engraving machine on a FR4 substrate (see Fig. 5).
The first idea to measure the input impedance of these antennas is to solder a connector at the

back of the board. However, it remains difficult to access to a proper measurement of the impedance,
which has a strong positive imaginary part, placing the impedance at the right of the Smith chart.

Another way is to use a differential probe as presented in [14] (Fig. 6). It consists of two rigid copper
coax of the same length. Their outer conductors are soldered together. The two inside conductors are
used to convey the signals. With this kind of probe, the antenna is not connected to the ground (the
outer conductor of the coax).

First, the VNA (Vector Network Analyser) is calibrated. Then the differential probe is added at
the end of the calibration plan. The electrical delay on each port of the probe is determined. Next, the
probe is soldered to the antenna through its back (to less disturb the radiation). The differential return
loss is plotted on a Smith chart and the differential input impedance is observed at the frequencies
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(a) (b)

Figure 5. Antennas operating at two frequencies. (a) 433 MHz and 900 MHz. (b) 900 MHz and
2.4 GHz.

Figure 6. Differential probe used to characterize the antennas.
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Figure 7. Measurement results of the antenna operating at 433 MHz and 900 MHz. (a) Measured
differential impedances compared to simulated impedances (dotted curves). (b) Measured refllection
coefficient.

of interest. The used VNA (Anritsu MS4640B) automatically gives the differential input impedance.
However, it can also be retrieved with the coefficients of the scattering matrix, using the formula given in
Eq. (2). The electrical delay and the losses are adjusted on each port to match the expected impedance
value at the frequencies of interest. The same is done at the two frequencies and for the two antennas.

Zdiff
ant =

2Z0 (1 − S11S22 + S12S21 − S12 − S21)
(1 − S11) (1 − S22) − S12S21

(2)

With this method, it appears that the simulated impedance and the measured differential
impedance match (see Figs. 7 and 8) around the operating frequencies. Moreover, with this measurement
technique, the return loss is below −10 dB at the frequencies of interest. It is a little better centred than
it was in the simulation results. It appears that for both antennas the impedance value for 900 MHz is
easier to obtain with a better reflection coefficient.
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Figure 8. Measurement results of the antenna operating at 900 MHz and 2.4 GHz. (a) Measured
differential impedances compared to simulated impedances (dotted curves). (b) Measured reflection
coefficient.

As for the gain of these antennas, it is determined using a known antenna (with a gain GTx)
positioned at a distance d = 2.5 m. The antenna is still soldered to a differential probe. The VNA
gives the magnitude of the differential reflection coefficient SDD and the value of the transfer coefficient
between the differential port of the measured antenna and the single port of the known antenna SDX .
Thus, with the Friis formula [9] given in Eq. (3), the gain can be retrieved.

G [dB] = 10 log10

(
1 − |SDD|2

)
− GTx [dB] − 20 log10

(
λ

4πd

)
− 20 log10 (|SDX |) (3)

The impedance being strongly complex, the antenna is matched only around the frequencies of
interest. Thus the value of the measured gain is reliable only for these frequencies. Moreover there
are multiple reflections in the cables that disturb the results. Despite these perturbations, around the
center frequencies, the measured gain is close to the simulated gain with a value of 2.2 dB at 433 MHz
(1.1 dB in simulation) and 1.7 dB at 900 MHz (1.8 dB in simulation) for the antenna from Fig. 5(a). For
the antenna from Fig. 5(b), the measured gain reaches 1.5 dB at 900 MHz (1.9 dB in simulation) and
−1.6 dB at 2.4 GHz (−0.7 dB in simulation). The main results are recapitulated in Table 2.

Table 2. Measured impedances and gain maximal values at several frequencies.

Antenna
Frequency 433 MHz 900 MHz 2.4 GHz

Zchip 425 − j1200 85 − j570 14 − j208

433 MHz + 900 MHz

Zantenna = Z11 258 + j1229 87 + j591

Γmin (dB)
−12.1 dB −37.8 dB
@433 MHz @899 MHz

Gtot (dB) 2.2 dB 1.7 dB

900 MHz + 2.4 GHz

Zantenna = Z11 86 + j587 15 + j187

Γmin (dB)
−33.3 dB −11.3 dB
@898 MHz @2.411 GHz

Gtot (dB) 1.5 dB −1.6 dB
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4. CONCLUSION — FUTURE WORK

With this paper, a procedure to design non-50 Ω antennas operating at two distinct frequencies was
presented. Moreover, an ingenuous technique has been used to measure impedance which was proved
efficient, with a good concordance with the simulation results.

Future work will focus in better considering the variation of the chip impedance over frequency to
improve the antenna bandwidth. It also includes assembling the integrated circuit and the antennas
with bonding. Finally, the output voltage received by the complete device will be measured.
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