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Abstract—Most of the next-generation implantable medical
devices that are targeting sub-mm scale form factors are entirely
powered wirelessly. The most commonly used form of wireless
power transfer for ultra-small receivers is inductive coupling
and has been so for many decades. This might change with the
advent of novel microfabricated magnetoelectric (ME) antennas
which are showing great potential as high-frequency wireless
powered receivers. In this paper, we compare these two wireless
power delivery methods using receivers that operate at 2.52 GHz
with a surface area of 0.043 mm’. Measurement results show
that the maximum achievable power transfer of a ME antenna
outperforms that of an on-silicon coil by approximately 7 times
for a Tx-Rx distance of 2.16 and 3.3 times for a Tx-Rx distance
of 0.76 cm.

Index Terms—Power transfer efficiency, RF, magnetoelectric,
on-chip coil, miniaturization, biomedical.

I. INTRODUCTION

Sub-mm wirelessly-powered devices play a major role in
emerging applications such as: i) Implantable medical devices
(IMDs) used for neural monitoring [1], neural stimulation [2],
[3], cell tracking [4], intraocular pressure [5] and glucose
monitoring [6]; and ii) RFID tags placed on electronic devices
to eliminate counterfeit ICs from the supply chain [7], [8].
Aggressive miniaturization of these devices opens up new
possibilities and offers multiple advantages with respect to
safety, longevity, spatial resolution, and security.

Multiple wireless powering modalities exist in the sub-mm
scale, with near/mid-field and ultrasonic being the main ones.
Although each method offers trade-offs (Fig. 1), inductive
coupling has the important advantage of using coils that can be
microfabricated on-silicon chips leading to highly miniaturized
receivers (Rx) [2], [9]-[11].

Recently, sub-mm scale magnetoelectric (ME) antennas
have been shown to allow one of the highest power transfer
efficiencies (PTE) reported to date [12], [13]. Acoustically
actuated ME antennas seem to provide a good balance be-
tween miniaturization capability (the microfabrication extent to
which it can be made very small) and power transfer efficiency
(Fig. 1). In addition, they offer the advantage of being less
sensitive to Tx-Rx misalignment and can potentially eliminate
the need for matching networks [12], [14]. The ME antennas
incorporate a magnetic and piezoelectric heterostructure where
the magnetic film senses H-components of EM waves. The
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magnetic layer then induces an oscillating strain, which gen-
erates a piezoelectric voltage output at the electromechanical
resonance frequency. By exploiting this transduction mecha-
nism, ME antennas do not suffer from the same miniaturization
constraints as coils or piezo transformers, and weak magnetic
fields can drive them.

Unfortunately, previous publications on sub-mm sized ME
antennas do not directly compare efficiency between ME and
inductive coupling. This is because the i) testbench setups
were different between the coil and ME antenna; ii) efficiency
measurements often included that of matching networks and
harvesting circuits; and iii) comparisons were based on simu-
lations results.

For the first time, we compare inductive to magnetoelectric
power delivery for sub-mm receiving devices using the same
testbench setup, operating frequency, and receiver size. This
makes the comparison of the two systems equitable. In our
calculations, we ignore the load, as the optimum load can
always be realized using matching networks with only a few
percent penalties in efficiency.
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Figure 1. Qualitative comparison between different wireless powering

methodologies for sub-mm implantable receivers.

II. TRANSMITTER AND RECEIVER DESIGN
A. Transmitter Coil

The Tx coil is designed based on an optimized design flow
described in [2]. Details of its geometry and parameters are
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shown in Table II. The Tx coil was built on an FR4 substrate
and is connected to an L-match capacitor network. The Tx coil
diameter is chosen to maximize powering for receivers placed
approximately 1 cm away.

B. Receiver Coil

The Rx coil is designed based on an optimized design flow
described in [2]. The major goal was to maximize the quality
factor (Q) as much as possible at the operating frequency of
2.52 GHz. The on-chip coil was fabricated in 65nm TSMC
CMOS process and measures 216 pm x 200 ym, giving it
a surface area of 0.0432 mm?. Details of its geometry and
parameters are shown in Table II.

An integrated circuit (IC) pad frame often includes a com-
pulsory seal ring which contains all the metal layers available
in the fabrication process with uninterrupted continuous con-
tacts and vias. It has been shown that the grounded seal ring
significantly diminishes the gain of an on-chip coil as any
metal loop can create a magnetic field that counters that of
the source [15]. In order to eliminate the impact of the seal
ring on the PTE, the received die from the foundry is further
diced in such a way as to leave only the on-chip coil and the
pads needed for its interface, as shown in Fig. 2.

A variable on-chip capacitor to enable resonance was not
added to the chip, as it would have increased the interfacing
complexity which would have increased the electromagnetic
interference (EMI). The impact of EMI on the PTE is further
discussed in the following sections. Furthermore, a resonating
coil would not have made a difference since we are only
measuring the maximum achievable PTE in this paper.

C. Receiver Magnetoelectric Antenna

The ME antenna is designed based on an optimized design
flow described in [12]. It measures 250 um x 174 um, giving
it a surface area of 0.0435 mm?. The resonant frequency was
set to 2.52 GHz by adjusting the thickness of the multiferroic
antenna.

Because the ME antenna is composed of a thin-film bulk
acoustic wave resonator (FBAR) that is released to prevent
damping of the acoustic vibration, dicing around a single ME
antenna using a dicing saw is not possible as the vibration and
water jet will damage the antenna. Therefore, we manually
diced the substrate using a diamond scriber to reduce its size
down to 700 um x 560 um, which significantly reduces any
EMI captured by the neighboring antennas on the silicon chip.

III. WIRELESS LINK CHARACTERIZATION
A. Measurement Method

One possible test-bench setup would have been to wirebond
the receivers to a PCB. In conventional inductive links with
cm-sized Rx coils, the measured PTE are reasonably accurate,
because the effect of the SMA connector, interconnects, and
wirebonds are quite negligible. However, a major inconve-
nience when characterizing sub-mm sized receivers and trans-
mitting power at a very short distance from the test board is the

200 pm
I

Figure 2. Micrograph image of the on-chip coil (left) and ME antenna
(right) after dicing. The white rectangular doted line encircles the coil and the
antenna, everything outside the rectangle represents interconnects and pads
needed for probing.

unwanted EMI in the PCB traces and wire bonds and the mag-
netic field disturbance caused by the relatively large conductive
body of the SMA connector. We have attempted to characterize
their effect in past work [15], but fully understanding their
link on the measured efficiency is challenging. Therefore, to
minimize the distortion caused by electromagnetic interference
on the efficiency, the receivers were directly interfaced using
a probe station (Fig. 3).

The Tx coil is held using a 3D printed plastic manipulator in
order to eliminate its effect on the wireless link. The platform
that supports the substrates is also 3D printed. The only
metallic objects surrounding the antenna/coil are the GS probe
and the station. The Tx coil and the probe are both connected
to a VNA to measure the S-parameters, as shown in Fig. 3(a)
The Tx-Rx distance is precisely controlled with 2.16 cm as
the upper limit. Large Tx-Rx distances are not investigated
in this work as we are only interested in the reactive near
field region. As shown in Fig. 3(b), 3D printed photopolymer
pillars were used in order to improve the angular alignment
of the Tx coil and to guarantee a certain distance between the
Tx coil and Rx coil/antenna. For accurate measurements, the
parasitic effect caused by the coaxial cable and the GS probe
were removed during the de-embedding calibration procedure.
De-embedding was also done for the Tx coil. Table I shows
that the setup used for measuring the wireless link is almost
identical between inductive and magnetoelectric systems. We
made this a priority in this work in order to enable a fair and
equitable performance comparison between the two dissimilar
technologies.

The full system efficiency (1;;,1) is defined as the ratio of
power delivered to the resistive load (Pr) to the transmitted
source power set by the power generator (Pgs). Therefore, the
overall efficiency includes several loss factors, which are the
power loss: i) in the Tx coil (n74coir), Which includes that
of the power amplifier (PA) and coaxial cable, ii) between the
Tx and Rx coil (PT FE,,42), and iii) in the Rx coil (rzcoil),
which includes power reflected due to impedance mismatch.
The product of all efficiencies is given by:
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Figure 3. (a) Block diagram, and (b) picture of the PTE measurement setup.
Close- up view of the silicon substrate containing the (c) coil, and (d) ME
antenna.
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The maximum achievable efficiency (PT'E),.) is outlined
in detail in [16] and is given by:

X
PTFE g0=—"""—"“-—"7—
T 1+ VT HX)?
‘= |Z12[?
Re(Z11)Re(Z2) — Re(Z12)?

Z represents the two-port impedance parameter matrix from
the input of the Tx coil to the output of the Rx coil/antenna.

The most important step toward maximizing the wireless
link (17;,%) 1S maximizing the maximum achievable efficiency
(PTFE,,q:) since the impedance mismatch can almost be
eliminated by using a tunable matching network. In this work,
we are solely interested in the ability of the ME antenna and
on-chip coil to receive power, and not its ability to transfer
the captured power to a particular load. Therefore, in order to
effectively compare both receivers, only PT'E,,, ... is calculated
and plotted.

Table 1
SETUP COMPARISON BETWEEN RX COIL AND ME ANTENNA.

Parameter H Similarities
Rx Area similar
Frequency same
Tx Coil used same
Tx-Rx distance same
Parasitics similar
Probes same
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Figure 4. Measured quality factor and effective inductance of the 200 um

on-silicon coil.

Table 11
CHARACTERIZATION OF THE TX COIL, RX COIL AND RX ME ANTENNA

Parameter H Tx Coil ‘ On-chip Coil | ME Antenna
Dimensions (mm?) 10x10 0.216x0.2 0.25%0.174
Material Cu Al FeGAB/AIN
Trace width (mm) 3 28e-3 N/A
Trace thickness (um) 35.6 3.4e-3 N/A
Space between turns (mm) N/A 2.4e-3 N/A
Number of turns 1 1.5 N/A
fres (GHz) 2.52 2.52 2.52
Q at fres in air 155 20.65 104.2
L at fres in air (nH) 10 0.94 N/A
SRF (GHz) 4.1 30 N/A

B. Measurement Results

As shown in Fig. 4, the measured quality factor of the Rx
coil is 20.65 at 2.52 GHz which is considered to be very high
for a 200 um coil microfabricated on-silicon [17]. Therefore,
it is important to note that the ME antenna is compared to a
highly optimized on-chip coil.

Fig. 5 shows the PT'E,,,, as a function of frequency for
different distances. The maximum achievable power transfer
efficiency of the ME antenna outperforms that of an on-silicon
coil by approximately 7 times for a Tx-Rx distance of 2.16
cm and 3.3 times for a Tx-Rx distance of 0.76 cm.

The effects of angular misalignment were also explored
by tilting the Rx by 90°. Fig. 6 shows that an out of
plane rotation along the width direction of the ME antenna
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Figure 5. Measured maximum achievable PTE as a function of frequency for
different Tx-Rx values. Doted lines represent the ME antenna whereas solid
lines represent the on-chip coil.
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Figure 6. Measured maximum achievable PTE as a function of frequency
for different Tx-Rx values when the Tx coil and ME anntena are rotationally
mislaigned by 90°.

does not significantly decrease the PTF),,,,. This has been
demonstrated to some degree in our past work [18] for the
far field configuration. On the other hand, when the angle
between the Tx coil and the Rx coil is exactly 90°, none of
the magnetic flux passes through the Rx coil and the two coils
are completely decoupled. As a result, the negligible harvested
energy is below the noise floor of the VNA and is thus not
included in the plot.

IV. CONCLUSION

We compare the maximum achievable efficiency (the ef-
ficiency calculated under the condition of maximum power
transfer to the load) between a 0.0435 mm? ME antenna to a
0.0432 mm? on-silion coil. The results show that the magneto-
electric power delivery outperforms the inductive one, making
the ME antenna very attractive for miniaturized wirelessly
powered microdevices, particularly for miniature IMDs for
which the major challenge is transferring energy wirelessly
over several centimeters. It is important to note that the
fabricated ME antenna and on-chip coil followed a certain
optimized design flow and if design methods were to change
then the difference in PTE between both systems will most
likely change too.
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