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Abstract – This paper presents the design and tests
of a miniaturized flat Archimedean spiral antenna. The
antenna has two gold Archimedean spiral arms on the
surface of a thick alumina cylinder. This cylindrical sub-
strate has an outer diameter of 1.1 mm and a thickness of
0.52 mm. These reduced dimensions make the presented
antenna at least an order of magnitude smaller than any
previous planar Archimedean spiral antenna reported in
the literature. This small antenna can be used for commu-
nication in small devices, wireless power transmission
for implantable sensors, microrobots and other micro
applications. Despite its reduced size, the antenna has a
relatively low resonant frequency, which was measured
at 4.9 GHz. The characteristic length of the antenna can
be reported as only 0.018λ . The design and simulations
of the fundamental parameters of the antenna are pre-
sented, showing a uniform radiation pattern. Also, the
manufacturing process is described. Seven prototypes of
the antenna have been manufactured and their reflection
coefficient was measured. The tests showed good agree-
ment with simulations. The repeatability of the measure-
ments and the reliability of the fabrication process are
demonstrated.

Index Terms – Antenna prototype, Archimedean spiral,
finite element simulation (FEM), miniaturization.

I. INTRODUCTION
Spiral antennas are commonly used in low-

frequency applications. These antennas achieve low res-
onant frequencies by extending their electric path over
the entire surface of their substrates. They can have mul-
tiple morphologies that can be used depending on the
requirements of the particular application.

Some of these antennas have circular [1, 2] or square
spirals (meanders) [3, 4]. Concerning circular spirals,
Archimedean spiral antennas are generally used because

they have a wide bandwidth [5, 6]. Spiral architecture
may be suitable for small array applications [7], which
allows us to create omnidirectional antennas by connect-
ing several of these spirals in arrays [8].

There are several articles related to improvements
in Archimedean spiral antennas [9], for example in
the optimization of the antenna substrate [10, 11]. The
authors of [12] present a four-armed Archimedean spi-
ral antenna that uses transmission lines to perform
the necessary impedance transformation between the
impedance of the spiral and the 50 Ω port. In [13], a
modified Archimedean spiral antenna without balun is
presented. A frequency reconfigurable Archimedean spi-
ral antenna is shown in [14]. The frequency reconfigu-
ration is done by a pair of meandered slotlines. There is
even work on Archimedean spiral antennas on conduct-
ing textile filaments [15] that operate in curved shapes.
Some papers present research on low profile [16], com-
pact [6, 8, 17, 18], or miniaturized [19, 20] Archimedean
spiral antennas. However, these antennas are larger than
several centimeters.

In this paper, the development of a millimeter-
sized Archimedean spiral antenna is presented, achiev-
ing miniaturization while maintaining a low resonant
frequency. The dimensions of the proposed antenna are
at least one order of magnitude smaller than those found
in the literature. Furthermore, the characteristic length
of the antenna, which compares the resonant frequency
with the larger dimension of each antenna, is at least
one order of magnitude smaller, proving the significant
miniaturization achieved.

Miniaturized antennas can replace larger antennas
to perform the same function in a smaller volume, for
example in communication devices, or to enable wire-
less communication in new areas such as microrobotics
[21], micromagnetic coils [22, 23], or implantable medi-
cal devices [24, 25].
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The resonant frequency of antennas usually
decreases in inverse proportion to the antenna size
[26, 27]. That is, the lower the frequency, the larger
the antenna. This effect is one of the main difficulties
in developing miniaturized antennas that can operate
at low frequencies. However, having a low resonance
frequency can be beneficial in some situations, such as
in the development of antennas for intracorporeal appli-
cations. In these applications, the lower the resonance
frequency, the lower the losses due to the absorption of
electromagnetic energy in the human body.

Following this track, numerous studies have been
published on miniaturized antennas of different mor-
phologies, many of them with medical purposes, mainly
patch-on-chip antennas [28–30] and helical antennas
[31–33]. However, no Archimedean spiral antennas have
been found with sizes in the same order as the one pro-
posed in this paper.

This paper presents a patch antenna with
Archimedean spirals of only 1.1 mm diameter and
0.52 mm height. Despite its small size, the antenna
has a resonant frequency of 4.9 GHz. The design and
simulations of the antenna are presented, as well as
measurements of the reflection coefficient on fabricated
prototypes. These measurements demonstrate high
repeatability and accuracy of the prototypes.

II. ANTENNA DESIGN AND GEOMETRY
DESCRIPTION

The antenna was designed specifically with
small dimensions and low resonant frequency. The
Archimedean spiral generated the following expression,
with ds being the diameter of the spiral, ds0 the internal
diameter, a the growth rate, and θ the angular position.
By equating the arm width to the separation between
arms, a self-complementary structure is achieved and,
therefore, with real and constant impedance throughout
the frequency:

ds = ds0 +2aθ . (1)
Following the radiation theory developed by Kaiser

about the Archimedean spirals of two arms [34], it can
be deduced that the diameter the spiral will have when
the currents of both arms are in phase will be:

ds =
λ

π
. (2)

Knowing the expression that relates frequency to
wavelength based on the speed of light, it can be con-
cluded that the diameter of the spiral is inversely propor-
tional to the frequency, and can be calculated with the
following expression:

ds =
c

π f
. (3)

Finally, it is worth mentioning that an improvement
can be achieved in terms of gain value and beam width by

adding a margin to the external radius due to the reduc-
tion of edge effect [27, 35]. However, this also entails an
increase in the diameter of the spiral, so a compromise
must be maintained between the size of the antenna and
its minimum gain. The design equations for spiral anten-
nas, therefore, are:

SOD = 1.5 · c
π fmin

. (4)

SID =
1
3
· c

π fmax
. (5)

In addition, the dielectric constant of the substrate
used must be considered, which modifies the diameter of
the previous

SD =
c

π f
√

εr
. (6)

The theoretical conclusions for frequencies between
1 and 5 GHz are shown in Fig. 1.

Fig. 1. Theoretical resonant frequency of Archimedean
spiral antennas as a function of their external diameter.

The geometric and resonant frequency requirements
could not be reached by using standard Archimedean spi-
ral antennas. Thus, the design process continued through
FEM simulation, following an iterative process. Differ-
ent constructions were analyzed, by varying the geomet-
ric parameters of the antenna, changing the arms shape,
using substrates of different materials and changing the
value of the port impedance. Finally, it was possible to
simulate an antenna that met the geometric and resonant
frequency requirements.

The final antenna design has a thin cylinder substrate
of alumina with a relative permittivity (εr) of 9.4 and
dielectric loss tangent (tanδ ) of 0.008. It has an outer
diameter (SOD) of 1.1 mm, an inner diameter (SID) of
0.18 mm, and a thickness (ST ) of 0.52 mm. The internal
bore was created during fabrication to separate the arms
of the antenna. To the authors’ knowledge, there are no
studies in the literature on Archimedean spiral antennas
of this size.

On the surface of the substrate there are two gold
Archimedean spirals that form the two arms of the
antenna. The arms are 0.02 mm wide (AW ) and 0.02 mm
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thick (AT ). Each arm has five turns separated by 0.02
mm (AS).

In the center of the cylinder, on the same surface as
the spirals, there is the antenna port. The port was defined
at a position with a spacing (PL) of 0.24 mm, rather than
at the end of the arms, because the RF probe tip avail-
able in the laboratory required this minimum distance.
The port width (PW ) is 0.05 mm. Figure 2 shows the geo-
metric design of the antenna, and Table 1 gives the main
dimensions of the antenna.

Fig. 2. Antenna design with the main dimensions in mil-
limeters.

Table 1: Main dimensions of the antenna
Parameter Nomenclature Value (mm)
Port length PL 0.24
Port width PW 0.05

Substrate outer diameter SOD 1.1
Substrate inner diameter SID 0.18

Substrate thickness ST 0.5
Arm width AW 0.02

Arm separation AS 0.02
Arm thickness AT 0.02

III. ANTENNA FINITE ELEMENT MODEL
SIMULATIONS

All antenna simulations were performed using the
Ansys Electronics Desktop 2020 electromagnetic tool
HFSS [36]. A model of the antenna was created accord-
ing to the specifications described in the previous
section. Simulations of the antenna as a single compo-
nent were performed from 0 to 6.5 GHz, with a step of
0.1 GHz. The preliminary values of the impedance and

resonant frequency of the antenna were used to narrow
the frequency range of the simulation and improve accu-
racy. A time domain analysis with a discrete frequency
sweep was performed from 3.5 to 5 GHz, with a step of
0.01 GHz, and a port with the same determined antenna
impedance of 0.19 Ω. The number of the solved elements
is 127,841 and the mesh is based on hexahedrons.

The resonant frequency of the antenna was found
to be 4.49 GHz, with a reflection coefficient (S11) of -
14.41 dB [37]. The characteristic length of the antenna
can be expressed as 0.016λ (with the simulated reso-
nant frequency). The reflection coefficient as a function
of frequency is shown in Fig. 11. As defined by Harold
Wheeler, this is an electrically small antenna because it
occupies a volume of less than a radian sphere (0.16λ )
[35]. It has an inherently narrow bandwidth, and it is
expected to have a low gain. The expected theoretical
gain of the antenna can be calculated from the radiation
power factor formula for electrically small antennas:

PF =
antenna volume
radian sphere

=

(
2πr
λ

)3

. (7)

With a radius of 0.008λ , a radiation power factor of
0.000127 and a gain -38.962 dBi are obtained.

A simulation was performed at the resonant fre-
quency of 4.49 GHz to determine the gain and radia-
tion pattern of the antenna. The 3D radiation pattern of
the antenna is shown in Fig. 3, with a maximum simu-
lated gain of -42.2 dBi, close to the calculated theoreti-
cal value. As expected, the antenna exhibits a symmetri-
cal radiation pattern around the YZ plane. The maximum
gain is achieved in the Z axis.

Fig. 3. Simulated 3D radiation pattern of the antenna.

The radiation pattern of the two main orthogonal
planes of the antenna is shown in Fig. 4. Figure 4 (a)
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shows the plane XY where the spiral is located. It is not
symmetrical in either the Y-axis or the X-axis. The sym-
metry axes are rotated by 4◦ with respect to the orthog-
onal vectors. According to this view, the radiation pat-
tern has a maximum at phi= 94◦ and a null at phi= 4◦.
Figure 4 (b) is the plane XZ, the plane perpendicular to
the surface of the spiral, which does not contain the ends
of the arms. In this view, the radiation pattern presents
a maximum at theta= 90◦ and a null at theta= 0◦. The
antenna has omnidirectional radiation at the plane YZ,
the plane perpendicular to the surface of the spiral that
contains the ends of the spiral arms.

(a) (b)

Fig. 4. Simulated radiation pattern of the antenna: (a)
plane XY and (b) plane XZ.

The polarization of the antenna, according to Fig. 5,
is linear. The surface current distribution of electrically
small antennas results in this type of polarization [9].

Fig. 5. Simulated axial ratio of the antenna.

The simulated gain and efficiency of the antenna at
different frequencies near the resonant frequency have
also been simulated. They are shown in Figs. 6 and 7,
respectively.

The curves of the simulated gain and the efficiency
of the antenna are both linear, and they increase with fre-
quency. The gain is low as explained before, and so is the
radiation efficiency as a consequence of the low gain.

Subsequently, the equivalent circuit of the antenna
was determined. It is important to calculate the necessary
matching circuits for the final applications. The equiva-

Fig. 6. Simulated gain of the antenna.

Fig. 7. Simulated radiation efficiency of the antenna.

lent circuit of the antenna was calculated using the clas-
sical approximation of a resonant circuit. The behavior
shown in the Smith chart leads to a series resonant cir-
cuit, as shown in Fig. 8.

Fig. 8. Simulated reflection coefficient of the antenna.

The resistance value is determined directly at the
resonant frequency. For values of L and C, the 3 dB band-
width was determined for impedance around the resonant
frequency. The imaginary part of the antenna impedance,
determined at f1 or f2, allows the L and C values to be
calculated. This is shown in Table 2. As can be seen, the
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antenna impedance is very low, another reason to justify
the lower value of the gain.

Table 2: Resonant frequency, bandwidth, and impedance
values of the antenna

F0
(GHz)

3 dB Bandwidth Limits f2-f1
(GHz)

Z at f0
(ohm)

4.49 4.505-4.475 0.19

Using the relations of input impedance, the follow-
ing values listed in Table 3 are obtained.

Table 3: Impedance values of the equivalent circuit of the
antenna

R (ω) L (nH) C (pF)
0.19 1.1683 42.45

As the antenna impedance is not a standard value,
it will need a matching circuit specifically designed for
each application. Furthermore, this mismatch must be
considered when comparing simulations with measure-
ments. The electrical parameters of the measurement
system will be introduced in the simulation to compare
both in a more realistic way.

IV. ANTENNA MANUFACTURING
The Archimedean spiral antenna was then fabricated

and tested. Seven prototypes of the Archimedean spiral
antenna were fabricated in a clean room by microlaser
machining according to the geometric design of section
II. A diagram of the manufacturing process is shown in
Fig. 9.

Fig. 9. Archimedean spiral antenna manufacturing pro-
cess: 0. initial substrate, 1. substrate with gold plating,
2. laser micromachining, 3. substrate with the microma-
chined spiral, 4. spiral center microdrilling, 5. manufac-
tured Archimedean spiral antenna.

First, a 20 µm thick layer of gold was chemically
deposited on the surfaces of a 0.5 mm thick alumina
sheet, from which a circle of 1.1 mm diameter was cut by
micromilling (step 1). The spiral shape was laser micro-
machined onto the gold layer using an LPKF ProtoLaser
U4 machine (steps 2 and 3). Finally, a microdrill was
made in the center of the piece (step 4), finishing the
manufacturing process (step 5). Figure 10 shows images
of the fabricated prototypes.

Fig. 10. Prototypes under the microscope.

V. ANTENNA MEASUREMENT RESULTS
Reflection coefficients of the prototypes were mea-

sured using a Keysight ENA E5063A Vector Network
Analyzer, a MPI TITAN RF TS200A probe, digital
microscopes and travel translation stages for positioning
the RF probe. The test setup is shown in Fig. 11 (a), the
microprobe laying in the two ends of the spiral arms in
Fig. 11 (b), and the tips of the differential microprobe in
Fig. 11 (c).

Fig. 11. Reflection coefficient measurements setup.

The measured reflection coefficients of the seven
prototypes compared to the simulations are shown in
Fig. 12.
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Table 4: Comparison of Archimedean spiral antennas
Reference Dimensions Resonant Frequency (GHz) Characteristic Length

[6] 36×36×20 mm3 2-6 0.24λ×0.24λ×0.13λ

[8] D = 72 mm 1.2-3.6 0.29λ

[16] D = 9 mm 8-16 0.24λ

[17] 37.5×37.5×20 mm3 1.99 0.25λ×0.25λ×0.13λ

[18] D = 23.2 mm 4.6-9 0.356λ

[19] 19.77×20.72 mm2 0.3-16 0.02λ×0.021λ

[20] 30×30×3.048 mm3 2-6 0.2λ×0.2λ×0.02λ

This work (simulated) 1.1×1.1×0.537 mm3 4.49 0.016λ

This work (measured) 1.1×1.1×0.537 mm3 4.9 0.018λ

Fig. 12. Open air simulated reflection coefficient, simu-
lated reflection coefficient with capacitor, and measured
reflection coefficients of each prototype.

As can be seen in Fig. 11, all measurements are
accurate and repeatable, showing a resonant frequency
at 4.9 GHz with a reflection coefficient of -12 dBi. The
characteristic length of the antenna can be expressed as
0.018λ (with the measured resonant frequency).

There is a difference between the simulated and the
measured resonant frequency, which is a consequence of
the capacitive effect caused by the RF probe. The RF
probe was calibrated with the MPI calibration substrate
AC-3 prior to testing. This difference is not a calibration
error, but an effect caused by the probe due to its larger
size compared to the antennas.

A parametric simulation was performed including a
capacitor to model the effect of the RF probe. With a
capacitor of 8.9 pF the resonant frequency was shifted
to 5.7 GHz, shown in Fig. 11. The remaining difference
between the two resonant frequencies can be attributed
to be differences in the properties of the simulated mate-
rial and the actual substrate, and differences in the final
dimensions of the prototypes due to the tolerances of the
manufacturing process.

Regarding the studies of Archimedean spiral anten-
nas reported in the literature, they all have dimensions
at least one order of magnitude larger than the one
presented in this paper. Furthermore, the characteristic
length of the antenna, which compares the resonant fre-
quency with the larger dimension of each antenna, is at
least one order of magnitude smaller, proving the great
miniaturization achieved. The only Archimedean spiral
antenna with a similar characteristic length is the one
presented in [19], but it has a surface area more than 300
times larger. Table 4 compares the resonant frequency
and dimensions of the developed Archimedean spiral
antenna with those of the publications analyzed.

VI. CONCLUSION
In this paper, an ultra-miniaturized planar

Archimedean spiral antenna is proposed. The antenna
has a diameter of 1.1 mm and a thickness of 0.52 mm,
which is at least an order of magnitude less than the
Archimedean antennas found in the literature. The
proposed antenna could be used in telecommunication
devices to perform the same function at a smaller
volume, or in cutting-edge applications such as commu-
nication microsystems, microrobotics, or implantable
medical microdevices. The results of the finite element
simulations are shown, as well as the measurements
demonstrating the operation of the antenna at a resonant
frequency of 4.9 GHz with a reflection coefficient of -12
dB. The measurements are in good agreement with the
simulation results.
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