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Abstract 

This work presents the design, manufacturing, and measure
ment of a miniaturized circularly polarized ultrawideband 
Archimedean spiral antenna that operates from 0.3 GHz to 
16 GHz. It acts as a radiofrequency harvester, capturing the 
energy spectrum in the bands of interest (FM, DTT, LTE-
800, GSM-900, GSM-1800, LTE-2100, WiFi, LTE-2600 
and WiMAX). A prototype of the Archimedean spiral has 
been manufactured and characterized in the laboratory, and 
a comparison of the harvested power with respect to other 
also manufactured baseline 2.4 GHz patch antennas has 
been carried out in two different locations: inside and out
side the laboratory. These results prove that hundreds of 
microwatts can be acquired in a normal situation, without 
the spiral pointing directly at a prefixed source. 

1 I INTRODUCTION 

Radiofrequency (RF) energy harvesting is based on the use 
of the available power at certain frequencies of the electro
magnetic spectrum for device power supply. The constant 
increase in the number of RF transmitters has led to a non-
negligible level of power at some particular frequency 
bands. This fact, joined to the reduction in the power con
sumption necessities of many devices, has turned RF energy 
harvesting into a feasible energy source for such low-
consumption devices, being an alternative to other well-
established energy harvesting techniques, as those related 
with solar, kinetic or wind energy,1 especially when consid
ering ultralow-power sensor applications. For instance, as 
discussed in earlier study, several harvesting devices are 
starting to be used for medical purposes, in order to measure 
intraocular pressure, temperature, electrocardiograms (ECG), 
etc.; or in fields as wireless sensor networks (WSN). Most of 
these devices consume less than 30 uW. 

Generally, a RF energy harvesting system has four subsys
tems3: an antenna that acquires the available environmental 
energy; a rectifier circuit that provides a DC supply; a match
ing circuit, placed between the antenna and the rectifier circuit, 
that maximizes the delivered power to the circuit; and a stor
age circuit that retains the conditioned power. Regarding the 
harvesting element, it was already discussed in the study that 
wideband antennas, such as those shown in5'6, are preferable 
instead of multiband antennas. They are most times easier to 
design, and they are interoperable among countries, whose fre
quency assignment plans can be different among them. In 
these terms, spiral antennas arise as a proper option. They also 
provide omnidirectional patterns, high efficiency, and most of 
them are circularly polarized, which is of great interest in order 
to unnecessarily avoid neglecting part of the available energy, 
as the direction of arrival and polarization of the incoming sig
nals are still unknown. 

Finally, it is of paramount importance to guarantee that the 
antenna covers DTT (400 MHz), LTE (800, 2100, 2600 MHz), 
GSM (900, 1800 MHz), WiFi (2400, 5200 MHz), and 



WiMAX (3500 MHz) bands,7 since almost all relevant RF 

power sources are situated at those frequency ranges. 

2 I ANTENNA DESIGN AND 
SIMULATION 

When choosing which type of spiral to use, factors such as the 

purity of the circular polarization or the bandwidth of the spiral 

should be taken into account. In the study of El-Feshawy,8 a 

comparison between equiangular and Archimedean spiral anten

nas is made. It is pointed out that the Archimedean spiral shows 

an improved axial ratio and a wider bandwidth for a given outer 

diameter. The design and manufacturing of the Archimedes spi

ral is also easier than in the case of the equiangular spiral, due to 

the constant angular increase of its arms. Besides that, wideband 

spiral antennas may be configured with single, double, or multi

ple arms, the multiple-arm spiral antenna being a good option 

to provide squinted beams. In the light of previous works, ' the 

two-arm Archimedean spiral antenna seems as the proper option 

to be implemented in practice. 

The Archimedean spiral is typically classified within the 

group of frequency independent antennas, that is, antennas that 

maintain some of their radiation parameters constant, as the 

input impedance or the bandwidth, in relation to the frequency. 

Victor H. Rumsey laid the foundations of this subject. Accord

ing to him, those antennas that are entirely defined by angles, 

as the Archimedean spiral or the equiangular spiral, show a 

frequency-independent behavior. Theoretically, an infinite-

sized Archimedean spiral antenna in a self-complementary 

design (the arm width w is equal to the gap width s) presents a 

constant impedance that is fixed to the value Z m t = Zc o m p = 60 

i £2 » 188.5 Q., where Zc o m p is the impedance of its 
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FIGURE 1 Different designs of the Archimedean spiral antenna: 
(A) no miniaturization4, (B) miniaturization without impedance 
step, and (C) miniaturization with an impedance step [Color figure 
can be viewed at wileyonlinelibrary.com] 

complement. The finite size of an Archimedes antenna causes a 

finite bandwidth, which becomes more reduced as the antenna 

becomes smaller, with its impedance varying nearby 188.5 Q.. 

This fact can be noticed in Figure 6. 

On the other hand, several studies emphasize ' ' ' that 

the current distribution over the surface of the Archimedean 

spiral is concentrated close to the center of the antenna at 

high frequencies and opens to its end at low frequencies. 

This current distribution leads to the equations presented, 

where the dimensions of the antenna are estimated according 

to the desired bandwidth, determined by the lower and the 

upper cutoff frequencies, fL and fH, respectively. Due to the 

complex geometry of the antenna, this dimension estimation 

is revealed as a good starting point to model the Archimedes 

spiral on a full-wave electromagnetic simulator. 

2.1 I Miniaturization 

A design of a circularly polarized Archimedean spiral 

(Figure 1(A)) was already presented by us, the antenna 

showing a bandwidth range from 0.51 GHz to 18 GHz. In 

order to increase the RF harvested power per unit area 

(uW/cm2), it is essential to try to reduce the physical dimen

sions of the antenna. Several miniaturization techniques have 

been studied so far, most of them based on structural modifi

cations and lumped element loadings. 13~15. Recent studies 

have tried to reduce the size of spiral antennas by using frac

tal geometries, as in16, where a modified Koch curve is used 

to shrink a Fibonacci spiral antenna (FSA). We propose 

increasing the bandwidth of the Archimedean spiral by 

extending the arms to the end of the antenna (maintaining 

the same PCB area). Consequently, the electrical size of the 

Archimedes antenna is higher and therefore, it reaches lower 

frequencies without significant performance degradation. 

Figure 1 depicts different designs following that approach. 

As the simulation results probe (Figure 2), it is preferable 

to place an impedance step (Figure 1(C)) when extending 

the arms of the antenna, so that reflections are softened and 
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FIGURE 2 Simulated reflection coefficient of the Archimedean 
spiral antenna (normalized to 188.5 £2) with different designs: 
(A) no miniaturization , (B) miniaturization without impedance 
step, and (C) miniaturization with an impedance step 
(20.72 X 19.77 cm vs 15.22 X 14.27 cm) [Color figure can be 
viewed at wileyonlinelibrary.com] 
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FIGURE 3 Simulated efficiencies (radiation efficiency and total 
efficiency) of the miniaturized (one impedance step) Archimedean 
spiral antenna, and two examples of the spiral's 3D radiation 
pattern at two different frequencies of interest [Color figure can be 
viewed at wileyonlinelibrary.com] 

more bandwidth is achieved (ÍLi-step = 350 MHz vs 

fiD-steP = 400 MHz vs fLno m i n = 510 MHz). In these terms, 

Figure 2 (purple line) shows that the area of the miniaturized 

antenna can be reduced 5.5 X 5.5 cm to meet the lower cut

off frequency (510 MHz) of the nonminiaturized antenna. 

In Figure 6 (blue line), it is presented the reflection coef

ficient of the miniaturized spiral (with an impedance step). 

Whether we set the reference on —10 dB, the antenna covers 

from 0.35 GHz to 16 GHz. In Figure 3, the radiation effi

ciency and the total efficiency of the miniaturized Archime

des antenna are plotted. It shows a good efficiency behavior, 

with values over the 86% at the frequencies of interest. 

Besides that, Figure 4 presents the axial ratio of the antenna, 

at the different frequencies of interest, in two cuts in the 

planes (f> = 0° and (f> = 90°. As it can be seen, the spiral is 

circularly polarized in a wide range of elevation angles 

(—65° to 65°) at most frequencies, but 500 MHz, where it 

could not go under 3 dB and remains elliptically polarized. 

3 I ANTENNA PROTOTYPE AND 
MEASUREMENT RESULTS 

Figure 5 presents a prototype of the miniaturized Archime

dean spiral antenna. The antenna of the picture was 

p*\ 
FIGURE 5 Prototype of the miniaturized Archimedean spiral 
antenna [Color figure can be viewed at wileyonlinelibrary.com] 

constructed making use of a LPKF ProtoMat S100 milling 

machine 7 on a low-cost FR4 substrate (er = 4.7, tan5 = 

0.014 @ 1 MHz). As previously mentioned, the dimensions 

of the antenna are 19.77 cm X 20.72 cm. 

3.1 I Reflection coefficient measurement 

We characterize in the laboratory the performance of the 

Archimedean spiral antenna in two measurement steps. In 

the first of them, we extract the reflection coefficient of the 

antenna from an Agilent 8722ES network analyzer, in order 

to check its bandwidth. Subsequently, the power spectrum is 

acquired with a N9020A MXA signal analyzer in two differ

ent scenarios: inside and outside the laboratory. 

In Figure 6, it is shown a comparison between the simu

lated and measured reflection coefficients of the Archime

dean spiral. As the experimental results probe (red line in 

Figure 6), the antenna is well-matched (<—10 dB) from 

350 MHz to 16 GHz, presenting an ultrawideband behavior. 

Besides that, its return loss is superior to 8.5 dB in the entire 

frequency range shown (0.3-20 GHz). On the other hand, 

although the measured reflection coefficient is slightly 

higher than the simulated one, note how the lower and upper 

cutoff frequencies coincide almost perfectly, being their 

values 350 MHz and 16 GHz, respectively. 
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FIGURE 4 Simulated axial ratio, at different frequencies, of the 
Archimedean spiral antenna in two cuts in the planes (J> = 0° 
(continuous line) and (J> = 90° (dashed line) [Color figure can be 
viewed at wileyonlinelibrary.com] 
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FIGURE 6 Comparison of the simulated and measured reflection 
coefficients of the Archimedean spiral antenna (normalized to 
188.5 £2) [Color figure can be viewed at wileyonlinelibrary.com] 
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FIGURE 7 Power spectrum measured by the Archimedean spiral 
antenna inside and outside the laboratory with the most relevant 
bands remarked: 1-FM, 2-DTT, 3-LTE-800, 4-GSM-900, 5-GSM-
1800, 6-LTE-2100, 7-WiFi, 8-LTE-2600, 9-WiFi [Color figure can 
be viewed at wileyonlinelibrary.com] 

3.2 I Power spectrum measurement. 
Harvested power 

In order to obtain a realistic measurement of the harvested 

power, the antenna is connected to a signal analyzer capable 

of integrating the power spectrum over a prefixed band

width. Figure 7 shows the power spectrum acquired by the 

miniaturized Archimedean spiral antenna in two different 

scenarios: inside and outside the laboratory (our laboratory 

is located inside the Higher Technical School of Telecom

munication Engineers, Technical University of Madrid, and 

the nearest base station [LTE-800, GSM-900, GSM-1800] is 

situated at a distance of 60 m and at a height of 8 m from 

the receiving Archimedean antenna). As it can be noticed in 

Figure 7, there is no significant contribution of power in any 

of them from 5200 MHz onwards, where the —65 dBm 

noise level prevails. From this frequency value, only militar 

and satcom applications can be found, but the directivity of 

the antenna is so reduced that it does not allow us to acquire 

anything remarkable. Despite capturing noise in a large fre

quency range (5.2 GHz-16 GHz), its contribution to the total 

power harvested is negligible; hence, it is not worthy to try 

to raise the upper cutoff frequency of the antenna (although, 

in this particular case, it is something intrinsic to its inner 

radius and it does not hinder the design). 

As seen in Figure 7, the measured power level of the spec

trum peaks is generally higher outside the laboratory than 

inside the laboratory, due to the radio signal attenuation caused 

by the building itself (position of the room, walls, windows, 

etc. ). Most of the energy captured comes from cellular 

bands, reaching almost —10 dBm for the 830 and 930 MHz 

bands. However, the measured FM spectral peak is higher than 

expected (—25 dBm outside the laboratory), even though the 

antenna is not specially designed to cover FM band. On the 

other hand, power contribution of WiFi bands is surprisingly 

smaller than expected, leaving them in the background. 

It could be of interest comparing the power harvested by 

the Archimedean spiral antenna with other type of baseline 

antennas, such as dipoles or microstrip patches. In these 
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FIGURE 8 Measured reflection coefficient of the manufactured 
2.4-GHz patches (dimensions: Small patch: 4.89 x 3.91 cm, 
circularly-polarized patch: 5.05 x 3.91 cm, big patch: 5.02 x 
4.07 cm) [Color figure can be viewed at wileyonlinelibrary.com] 

terms, three different patches that operate within the 

2.4 GHz band were designed and manufactured, as shown in 

Figure 8. One of them (the one in the center of the image 

that is matched with a A/4 transformer) is circularly polarized 

due to the slot inserted in the center of the patch, while the 

other two are linearly polarized. Figure 9 shows a compari

son between the power spectrum measured by the Archime

dean spiral antenna (inside the laboratory) and by the three 

2.4 GHz patches. The limited bandwidth of the microstrip 

patches, even within the WiFi band, naturally conditions the 

measured spectrum peaks to be smaller than in the case of 

using the Archimedean spiral antenna. 

The total harvested power, which is the available power 

between the arms of the Archimedean spiral antenna, is cal

culated as the sum of all carriers present in the radio spec

trum. The result of integrating the power spectrum shown in 

Figures 7 and 9 leads to the values presented in Table 1. We 

should remark that all measurements have been carried out 

in a realistic scenario, that is, where no directional sources 

have been intentionally put into scene. As previously com

mented, the power acquired outside the laboratory 

(1.86 dBm) is higher than the one acquired inside the labora

tory (—3.19 dBm), both of which are sufficient to provide 
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FIGURE 9 Comparison between the power spectrum measured 
by the Archimedean spiral antenna inside the laboratory and by the 
three 2.4-GHz patches, with the most relevant bands remarked: 
1-FM, 2-DTT, 3-LTE-800, 4-GSM-900, 5-GSM-1800, 6-LTE-
2100, 7-WiFi, 8-LTE-2600, 9-WiFi [Color figure can be viewed at 
wiley onlinelibrary. com] 
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TABLE 1 Measurements of the harvested power 

Archimedean spiral (0.3-16 GHz) 

Big patch (2.4 GHz) 

Small patch (2.4 GHz) 

Circularly- polarized patch (2.4 GHz) 

Horn (0.8-18 GHz) 18 

INSIDE THE LAB. 

Power (dBm) 

-3.19 

-26.01 

-28.68 

-26.69 

- 1 0 (max.) 

Power/area (nW/cm2) 

1.17 

0.12 

0.071 

0.11 

-

OUTSIDE THE LAB 

Power (dBm) 

1.86 

-
-
-
-

Power/area (uW/cm2) 

3.75 

-
-
-
-

the amount of power required (1-30 uW) by the elements 
discussed in Section I. 

The best way to compare the amount of harvested power 
among antennas with different sizes is to express the 
acquired power per area unit, that is, the physical dimensions 
of the Archimedes spiral are 19.77 cm X 20.72 cm, which 
leads to 3.75 uW/cm and 1.17 uW/cm outside and inside 
the laboratory, respectively. In Table 1, it is also presented 
the total power harvested by the three microstrip patches and 
an ultrawideband horn used in the study of Sun et al. Note 
that despite the fact that the patch area is much smaller than 
the spiral area, the harvested power per area unit inside the 
laboratory is about 10 times lower than in the case of the 
Archimedes spiral. On the other hand, it is also mentioned in 
the table that some measurements in Sun et al study show 
that a power level of —10 dBm was acquired by a broadband 
horn, the nearest cell station being situated in this case 
at 150 m. 

4 I CONCLUSIONS 

This paper presents the design, simulation, manufacturing, 
and measurement of a high-efficiency circularly polarized 
ultrawideband Archimedean spiral antenna. Due to its 
frequency-independent behavior, the antenna is capable of 
operating from 0.3 GHz to 16 GHz, as the experimental 
results probe. A few miniaturization techniques were also 
essayed on the antenna, being demonstrated that by extend
ing the arms of the spiral, we increase 160 MHz its band
width in the lower frequencies, which is equivalent to reduce 
5.5 X 5.5 cm the area of the miniaturized antenna. Finally, 
two tests were carried out with the antenna, inside and out
side the laboratory, in order to estimate the incoming power 
level. These results lead to the conclusion that the major 
contribution of the harvested power comes from the cellular 
bands, especially from 800 and 900 MHz. 
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