
Spintronic Antenna for Energy Harvesting from Power Lines

Rafaela Haupt Ribeiro∗
Instituto Superior Técnico
(Dated: November 2019)

A self-powered antenna integrating a SV sensor was optimized and micro-fabricated. For the an-
alytical predictions, the device was powered by an alternating external RF magnetic field transverse
to the antenna plane, with an amplitude of Bext = 10 µT and frequency 10 MHz. Furthermore, the
device is also capable of sensing an external DC and AC magnetic field. The antenna was based in
a planar spiral coil, with a maximum footprint of 12 mm2 and the SV sensor achieved a maximum
sensitivity of 6.3 Ω/Oe.
From simulations, the variation of the SV sensor voltage output due to an external DC magnetic

field BDC = 1 mT , can reach a maximum value of ∆VSV = 2.5 µV for the optimized geometrical
parameters. A DC characterization was also performed, where it was found that the antenna with
a circular geometry presented the lowest resistance, which theoretically should improve the device
performance.

I. INTRODUCTION

The emergence of several applications, such as sensor
networks and biomedical implants [1], requires advances
in wireless technologies and the need for a new generation
of low power devices. These applications normally need
an integrated power supply with limited lifetime which
reduces the network performance. RF energy harvesting
from ambient sources is a promising solution to power
future wireless networks and to develop self-powered sen-
sors based on energy harvesting, enabling long-term and
maintenance-free sensing systems [2]. Energy harvesting
techniques have many benefits, as we no longer need the
use of batteries to power devices and it can be integrated
in remote sensing applications. For sensing applications,
MR sensors are widely used for field detection, taking
advantage of the high magnetic field sensitivity, small
dimensions, reduced cost and integration capability [3].

The main goal of the present work is to optimize and
fabricate miniaturized energy harvester’s units based on
microfabricated antennas integrated with a magnetore-
sistive sensor. This energy harvester unit consists on a
resonant antenna, capable of capturing an external RF
field from the surrounding ambient, integrated in series
with a MR sensor, which will be powered by the current
induced in the antenna. This monolithic integration ap-
proach for energy harvesting allows further miniaturiza-
tion of devices combined with key technological features,
such as, easy integration with industrial processes, af-
fordable fabrication processes and CMOS compatibility.

II. DEVICE PRINCIPLES OF OPERATION

A radiofrequency (RF) powered hybrid an-
tenna–magnetoresistive sensor resonant device was
already microfabricated at INESC-MN [4], [5]. The
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principle of operation of this device is the following.
An integrated resonant micro-fabricated antenna (the
receiving antenna), capable of capturing an external RF
field from the surrounding ambient, is in series with a
magnetoresistive (MR) sensor (the sensing unit), which
will be powered by the current induced by the RF field
in the receiving antenna. The receiving antenna can also
include a constriction (CT), where the antenna width
was shrunk, located on top and electrically isolated from
the sensor. This constriction is designed to generate a
larger magnetic field from the current induced in the
antenna, which can be measured by the sensor located
underneath. This feature enables the measurement of
the RF field captured by the device and the inclusion of
this feature will depend on the final application of the
device.

Three main components are fundamental for the device
operation:

• A driving external RF source to power the device.

• A resonant antenna, responsible to capture a sur-
rounding RF field. It consists in a microfabri-
cated metallic loop that can include the constric-
tion (CT);

• A MR sensor. It is the core of this device being the
element capable of sensing external magnetic fields.
The MR sensor used in this device was a Spin Valve
(SV) sensor.

This device is schematically shown in figure 1.
The RF external electromagnetic source can be pro-

duced by a current carrying wire as stated by Ampere’s
Law, where the current in a closed loop produces a mag-
netic field - Equation 1.

∮
~H · d~l = I (1)

With the presence of a time-varying external magnetic
field an electromotive force is induced in the antenna,
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(a)

(b)

Figure 1. (a) Schematic of the hybrid device incorporating a
3 turn antenna and a SV sensor, being excited by a RF field.
(b) Detail of the CT of the antenna on top and in parallel
with the SV. Adapted from [4].

generating an AC current (IRF ). This is explained by
Faraday’s Law of Induction. This law states that if a
magnetic flux (φB) changes with time through a coil an
electromotive force is induced - Equation 2.

ε = −dΦB
dt

(2)

where φB =
∮
~B ·
−→
dA is the magnetic flux. Taking

into account the expression for the magnetic flux, the
electromotive force is given by the following equation.

ε = NAactive 2πf1BRF sin(2πf1t) (3)

where N is the number of turns and Aactive is the
internal area of the antenna.

The AC current (IRF) generated in the device is used
to bias the SV sensor (ISV). On one hand, in the case
where the CT is present, the SV sensor and the CT are
in parallel. Part of the current IRF is used to bias de
SV sensor and the other portion passes through the CT
(ICT). On the other hand, where no CT is present all the
current IRF is used to bias the sensor, IRF = ISV. The
details of the SV and CT with the respective currents
and magnetic field mentioned above are shown in Figure
1(b).

The voltage output of a linear SV sensor is expressed
by the sum of two terms, one from the biasing of the
sensor and another, ∆V , that gives the sensor response to
an external in-plane magnetic field, as shown in Equation
4 [6].

VSV = R0
SV ISV + ∆V ⇒

VSV = R0
SV ISV −

(
∆R

2Beffk

)
ISVBext (4)

where R0
SV is the SV resistance at zero field, ISV is the

current passing through the SV sensor and S = ∆R

2Beff
k

is
the sensitivity of the SV sensor.

In the presence of the CT the SV sensor is capable of
sensing the magnetic field produce by the current in the
CT (BCT), current that was induced by the external RF
magnetic field. In addition to this RF excitation field an
external in plane (to the antenna loop) and transverse
(to the SV sensor length) DC (Bext

DC) and AC (Bext
AC(f2))

fields can be applied. Considering this three different
external magnetic fields, four peaks are expected in the
SV sensor voltage spectrum at frequencies of f1, 2f1 and
f1 ± f2, with the respective amplitudes summarized in
the following expressions:

Amplitude at f1ISV

[
R0
SV −

(
∆R

2Beff
k

)
BDC

]
(5)

Amplitude at 2f1
αICT ISV

2

(
∆R

2Beff
k

)
(6)

Amplitude at f1 ± f2
ISV

2

(
∆R

2Beff
k

)
BAC (7)

This leads to the conclusion that this self-powered, hy-
brid device can sense an external transverse DC and AC
field and it allows the measurement of the driving RF
field.

III. DEVICE OPTIMIZATION

A. Parametrization

The first step in the optimization is to parametrize the
problem. The amplitudes of the SV voltage output needs
to be written as a function of the geometrical parameters
of the device.

The antenna loop is described by the following param-
eters: the number of turns N , the antenna width w, the
space between turns s, the antenna thickness t, the inte-
rior length din, the exterior length dout and the overall
geometry of the antenna (square, circular, hexagonal,. . . )
- Figure 2.

The current in the SV sensor, ISV , is the only term
in the final SV voltage output that depends of the ge-
ometrical parameters of the antenna. This current can
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Figure 2. Top view schematic of the device with a zoom in
capture of the SV sensor. The main geometrical parameters
of the antenna are depicted along with the different metal
layers.

be expressed as a function of the induced current in the
device given by Equation 8.

Idevice =
NAactive2πf1BRF sin(2πf1t)

Rantenna +
(

1
R0

SV
+ 1

RCT

)−1 (8)

where N is the number of turns, Aactive is the active
area of the antenna, f1 is the frequency of excitation of
the RF source, Rantenna is the resistance of the antenna
loop, R0

SV is the resistance of the SV sensor at zero field
and RCT is the resistance of the constriction. If there is
no constriction RCT =∞.

Equation 8 can be parametrized by writing the terms
Aactive and Rantenna as a function of the geometrical
parameters of the system. This terms corresponds to
Equations 9 and 10, respectively.

Aactive =
G

4
d2
in (9)

Rantenna = ρ
G×Ndin +GwN2 +GsN(N − 1)

wt
(10)

where G is a geometrical factor given by G = 4, G = π,
G = 2

√
3 for the square, circular and hexagonal geome-

tries, respectively. The analytical expression of Rantenna
was validated using simulations.

B. Finite Element Modelling

In order to validate the analytical results a study was
performed using a finite element modelling (FEM) tool,
where the device under study was simulated. Both static
and frequency domain studies were performed for the DC
characterization and study of induced currents by an ex-
ternal time-varying magnetic field, respectively.

Due to computation limitations and geometry com-
plexity, the 3D problem is time consuming and cum-
bersome for modelling several combinations of the ge-
ometrical parameters. The device was modeled using a

2D-axisymetric representation, which assumes no physi-
cal variation around the center line, as shown in Figure
3 with the main geometrical parameters already intro-
duced.

Figure 3. 2D axisymmetric scheme of the problem being sim-
ulated. The geometrical parameters of the antenna are rep-
resented along with the direction and form of the external
excitation magnetic field Bext.

The external magnetic field is fixed in the z direc-
tion with a maximum amplitude of Bext = 10 µT and
the spacing between turns, thickness and interior length
are set to s = 20 µm, t = 1.5 µm and din = 2
mm, respectively. Furthermore, the antenna is made of
cooper, a conducting material with electrical conductiv-
ity of σ = 5.96× 107 S/m.

The inductance of the antenna was computed and com-
pared with an analytical expression for planar spiral in-
ductors introduced by Mohan in 1999 [7] - Equation
11. The comparison showed accurate results between the
simulation and the analytical predictions.

L =
µ0N

2davgc1
2

(
ln (c2/ρ) + c3ρ+ c4ρ

2
)

(11)

Furthermore, the real impedance given by |Z| =√
R2 + (iωL)2 increases with the frequency as expected.
To validate the parametrized expression of the induced

current obtained in the last section (Equation 8), the
determination of the induced currents in the antenna was
performed for frequencies ranging from 10 Hz to 10 GHz.
The geometrical parameters were set to s = 20 µm, w =
50 µm, t = 1.5 µm, din = 2 mm, N = 1 and Bext =
10 µT . Figure 4 shows that the expression 8 is valid
for frequencies up to 20 MHz. Above this frequency the
simulated induced currents reaches saturation.

Moreover, the analytical predictions are also compared
with simulation results, where the width of the antenna
is varied up to 200 µm and the number of turns are set
to N = 1, N = 5 and N = 15. It was not consider
higher width values due to the possibility of the appear-
ance of induced eddy currents. Figure 5 shows this re-
sults. For small numbers of turns the expression of the
induced current in the device coincide with simulation
results, although that the highest deviation for N = 15
is 1 mA. This difference may me due to the fact that
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Figure 4. Induced current in the antenna as a function of
the frequency of the external magnetic field. Both analytical
predictions and simulation results are shown.

the individual contributions of each turn for the area in
the electromotive force was not considered and only the
interior area (Aactive) was taken into account.

Figure 5. Induced current in the antenna as a function of
the width, for N = 1, N = 5 and N = 15. Both analytical
predictions and simulation results are shown.

C. Final Results

After the parametrization of the problem some con-
strictions are defined on the design of the antenna. The
values for the exterior length of the antenna and the space
between turns are fixed at dout = 6 mm and s = 20 µm,
respectively.

For the optimization of the geometrical parameters,
the maximization of the amplitude at frequency f1

(Equation 5) is pursued taking into account only the
difference of the sensor voltage output due to an exter-
nal, transverse to the sensor length, DC magnetic field,
BDC = 1 mT . The frequency of the excitation field was
set to f1 = 10 MHz with an amplitude of Bext = 10 µT .
The SV sensor characteristics were to set to the reference
values in [4], where the the SV resistance at zero field is
R0
SV = 96.7 Ω and the SV sensor sensitivity is S = 2.6

Ω/mT .
Figure 6 shows the variation of the SV signal as a func-

tion of the number of turns for the square, hexagonal
and circular geometries. It is possible to observe that the
square geometry presents a higher SV signal compared to
the other geometries. Although the square geometry has
a higher resistance, the active area is larger. This con-
clusion is straightforward since the relation between the
geometrical factors is given by GSquare > GHexagonal >
GCircular.

Figure 6. Variation of the SV output signal at f1 as a function
o N for three different geometries: Square, Hexagonal and
Circular.

Regarding the optimization of the number of turns N
and the width w of the antenna, the variation of the SV
output signal was plotted as a function of the number of
turns N for four different widths: w = 10 µm, w = 50
µm, w = 100 µm and w = 200 µm. Figure 7 shows these
results.

Figure 7. Variation of the SV output signal at f1 as a function
o N, for four different widths: w = 10 µm, w = 50 µm,
w = 100 µm and w = 200 µm.

It is possible to observe that each curve has a value
of N that corresponds to a maximum of the SV signal.
Furthermore, for the width values represented in the plot
the width with w = 50 µm corresponds to the maximum
voltage output.

The constriction (CT) is only present for the ability
to measure the external RF excitation field and the op-
timum condition to perform the DC external field de-
tection is actually in the absence of the CT. This result
is expected considering that ∆VSV only depends on the
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ISV . Due to device geometry ISV increases with the in-
crease of the RCT , and its maximum value happens when
there is no CT, since all the current induced in the hy-
brid device by the excitation field passes through the SV,
leading to a maximum SV output value. Similar results
are achieved for the external AC field detection, but with
the values of ∆VSV reduced by a factor of 1/2.

The final optimized geometrical parameters are given
by: dout = 6 mm, s = 20 µm, w = 50 µm, N = 10
and the thickness t is the maximum achievable in the
micro-fabrication of the device.

IV. DEVICE MICRO-FABRICATION AND
CHARACTERIZATION

A. Fabrication Process

The device fabrication started with a top
pinned SV stack deposited on a glass substrate,
with the following structure (thickness in Å):
Ta(10)/NiFe(28)/CoFe(23)/Cu(26)/CoFe(25)/MnIr(80)/
Ta(30).

The fabrication process of the hybrid device is straight-
forward and comprises the following steps:

• Step 1 - Lithography - SV definition

• Step 2 - 1st Etch by Ion Milling

• Step 3 - Photoresist strip

• Step 4 - 2nd Lithography - SV and Antenna Pads def-
inition

• Step 5 - 1st Metal Deposition

• Step 6 - Metal Lift-Off

• Step 7 - 3rd Lithography - Contact vias definition

• Step 8 - Oxide Deposition

• Step 9 - Oxide Lift-Off

• Step 10 - 4th Lithography - Antenna definition

• Step 11 - 2nd Metal Deposition

• Step 12 - Metal Lift-Off

The SV sensors were micro-fabricated down to dimen-
sions of 2.5 × 17 µm in order to linearize the sensor
transfer curve by shape anisotropy. The length of the
patterned SV was set perpendicular to the easy axis. Af-
ter the deposition of the SV and antenna pads, a 300
nm passivation layer was deposited with the opening of
six vias, enabling the posterior contact of the antenna
with the SV pads. The final step was the deposition of
the second metal layer with the following composition:
Al98.5Si1.0Cu0.5 (12000)/Ti10W90(N)(150) (thickness in
Å).

B. Spin Valve (SV) Characterization

Figure 8 shows one of the transfer curves measured
with a two-probe geometry for the unpatterned SV sen-
sor and for the patterned SV sensor with dimensions of
(2.5 × 17) µm. The respective multi-layer stack is also
represented.

(a)

(b)

Figure 8. (a) SV structure (thickness in Å). (b) Magne-
toresistance transfer curve of the SV sensor before and af-
ter the patterning. The SV was patterned down to dimen-
sions of (2.5 × 17) µm It is also shown an optical image of a
micro-fabricated SV sensor and a illustration of the two-probe
scheme.

Table I summarizes the main SV sensor characteristics,
for the chips 2,3 and 4 that corresponds to the square,
circular and hexagonal geometries, respectively.

Chip 2 Chip 3 Chip 4

R0
SV 95.9 Ω 88.5 Ω 92.1 Ω

GMR 3.80 % 3.88 % 4.06 %
Sensitivity (∆R/2Heff

k ) 5.6 Ω/Oe 6.3 Ω/Oe 5.7 Ω/Oe

Table I. Table summarizing the main parameters of the SV
sensor for the three different geometries. The SV structure is
the same for the three chips.
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(a)

(b)

Figure 9. (a) Top view schematic of the hybrid device where is
possible to distinguish the first and second metal level. The
contacts available to characterize the device with labels A,
B, C and D are depicted. (b) Correspondence between the
resistance measured between the available pads and the device
components characterization.

C. DC characterization

Figure 9 recovers a top view schematic of the final de-
vice with the four contacts available for the characteri-
zation. It is also shown how is performed the electrical
DC characterization for the different components of the
device using the contacts A, B, C and D. First, the re-
sistance measured between the pads labelled C and D,
allows the measurement of the resistance of the SV sen-
sor in parallel with the CT, when is present. Next, the
resistance measured between the pads B and D, allows
the measurement of the resistance of the antenna. Fi-
nally, the resistance measured between the pads A and
B, corresponds to the resistance of the full device, inte-
grating the antenna in series with the parallel between
the SV and the CT.

After the wire-bonding the hybrid device was submit-
ted to the electrical DC characterization. A bias current
of Ibias = 1 mA was ejected between the contacts and
the potential difference was measured. The total hybrid
device showed a resistance of 264 Ω, 221 Ω and 234 Ω,
for the Chips 2, 3 and 4, respectively. Furthermore, the
SV resistance measured with no external fields presented
values of 96.1 Ω, 88.0 Ω and 92.3 Ω, for the Chips 2-4,
in the same order. These values are in accordance with
the zero field SV resistance obtained before - Table I. Fi-
nally, the resistance of the antenna for the square (Chip
2), hexagonal (Chip 4) and circular (Chip 3) geometries
was found to be 170 Ω, 144 Ω and 135 Ω, respectively.

Table II summarizes the measured values of the resis-

tance of the antenna for the three geometries and the cal-
culated resistance using the Equation 10. The calculated
inductance value using Equation 11 is also presented. As
expected the square geometry has the higher resistance,
followed by the hexagonal geometry and finally the cir-
cular geometry. Taking into account only the DC charac-
terization the antenna with circular geometry is expected
to have the highest SV voltage output signal, since the
induced current in the device will be higher. The dif-
ferences between the measured and calculated resistance
are due to the contact pads resistance, that was not taken
into account in the analytical resistance expression.

Chip 2 Chip 3 Chip 4

RM
Ant 170 Ω 135 Ω 144 Ω

RC
Ant 94 Ω 74 Ω 81 Ω
LC 1.19 µH 1.00 µH 1.04 µH

Table II. Table summarizing the measured and calculated re-
sistance of the antenna. The calculated inductance for each
chip using the expression for the inductance is shown.

V. CONCLUSION

The aim of this work was to develop and optimize
a self-powered hybrid device that consisted in a planar
antenna integrated with a magnetoresistive sensor for
RF energy harvesting. Furthermore, this device should
present the capability of sensing external DC and AC
magnetic fields and the external RF source. The opti-
mization and micro-fabrication of the device were suc-
cessfully accomplished.

At first, the strategy for the optimization was to re-
cover the work done in INESC-MN and then perform
a detailed analysis of the system, obtaining the final SV
sensor voltage output for the system in consideration. As
the main goal of the optimization was to maximize the
amplitude of the SV sensor signal, the expression was
parametrized according to the main geometrical param-
eters of the antenna. A final parametrized expression
for the induced currents in the antenna was successfully
achieved.

it was found that the parametrized expression for the
induced currents was only valid for frequencies up to 20
MHz, reaching currents in the order of 1 mA for an exter-
nal excitation field with amplitude of 10 µT . Setting the
frequency to 10 MHz to obtain a maximum induced cur-
rent within the range of validity, the simulated induced
currents agreed well with the analytical expression for a
small number of turns, within the width interval speci-
fied w = [10, 200] µm. For N = 15 the simulation and
analytical results differ from a maximum of 1 mA in the
limit of w = 200 µm.

Setting the exterior length to dout = 6 mm and the
spacing to s = 20 µm, the final optimized geometrical
parameters of the antenna for the three different geome-
tries was: w = 50 µm, N = 10 and the thickness t being
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the maximum achievable during fabrication. For this set
of parameters, the variation of the SV sensor signal could
achieve a maximum value of ∆VSV = 2.5 µV , when sens-
ing an external DC magnetic field of BDC = 1 mT .

The device was micro-fabricated with the optimized
parameters setting the thickness of the antenna to t = 1.2
µm. The SV sensors of the three chips presented the
same structure, with a minimum zero field resistance of
88.5 Ω and maximum sensitivity of 6.3 Ω/Oe, with a
GMR of 3.88 %. A final DC characterization was per-

formed where the resistance of each component was mea-
sured. The measured resistance of the antenna loop for
the square, hexagonal and circular geometries was 170 Ω,
144 Ω and 135 Ω, respectively. In conclusion, the calcu-
lated inductance for the same order of the geometries was
1.19 µH, 1.04 µH and 1.00 µH. This allows the deter-
mination of the capacitor values for a selected frequency
of 10 MHz to create a resonant circuit, with a minimum
resistance for the selected frequency, thus improving the
device performance.
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