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Minimally invasive battery-less microcontroller enabled implantable NFC tag
for healthcare sensing applications
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Abstract—This paper presents a minimally invasive battery-less microcontroller enabled implant
that utilizes near-field communication technology to both power and transfer data to and from the
implanted device. The implant has been designed around a cylindrical glass vial for its housing, of
the type found in pet and livestock identification. Requiring just an injector assembly for
implantation it can be deemed as minimally invasive. The prototype tag incorporates a near-field
communication front end, providing data transfer and power to a microcontroller and a light
emitting diode array, with a maximum measured read range of ~ 5 mm off the skin surface.
Although light technology can be used for neural stimulation here it is used as a proof of concept
before enabling further sensing modalities. The tag is proposed for use as a wireless platform for
patient health monitoring in both clinical and home environments using a smartphone as the reader.
It could also have applications in general wellbeing monitoring or sports.

Keywords—near field communication, NFC, radio frequency identification, RFID, healthcare,
monitoring, wellbeing, sports, implant, minimally invasive.

I. INTRODUCTION

An active implantable medical device (AIMD) is a device which relies on an energy source other than
that generated by the human body, typically a battery or super capacitor. Common AIMDs are
cardiovascular devices [1], glucose monitors [2] — [4], defibrillators [5], neurostimulators [6] cochlear and
ocular implants [7] — [9] and micro electro-mechanical systems (MEMS) [10]. A major limitation of these
devices is the need for a battery, with a surgical procedure being required to replace exhausted power cells.
Inductive charging through the body is possible but has the potential for battery failure, where hazards can
include thermal events with the release of heat and electrolyte leakage causing toxic exposure. Also, the
battery can potentially be the largest component of an AIMD, possibly limiting placement for space
restricted applications. Inductively powering an AIMD offers great potential, even more so if every-day
external reading devices incorporating this technology can be utilized rather than application specific
hardware.

Beyond simple inventory and asset tracking uses, radio frequency identification (RFID) has great
potential in healthcare applications, particularly for wearable and implantable devices. There are several
RFID technologies available, used here is near-field communication (NFC), in the high frequency (HF)
industrial scientific and medical (ISM) band of 13.56 MHz. When a standard inventory type tag is
interrogated by a reader it returns a unique identifier (UID), all wireless and battery free. To enable
healthcare sensor applications, in recent years manufacturers have included energy harvesting functionality
into some NFC devices [11]. This is where the current induced by the magnetic field generated by the NFC
reader is rectified by the device and supplies low-power components such as microcontrollers and
associated sensors, with DC powers of up to 15 mW typically available [11]. Being a near field technology
NFC range is limited to a few centimetres, and can be platform dependent, but is less affected by the lossy
nature of the human body than ultra-high frequency (UHF) RFID.

NFC tags come in a variety of form factors, from credit cards to wearables, fobs and adhesive stickers.
These are planar designs that even if made biocompatible would not qualify as suitable for a minimally
invasive implant procedure owing to their large area disruption to tissue structure. Another tag type



commonly used for animal tagging are small biocompatible (animal grade) glass cylinders that incorporate
a cylindrical ferrite rod inductor. These are available in both NFC and 125 kHz low frequency (LF)
technologies. This tag format is suitable for implantation using a syringe implant injector. Pet tags are
typically 11 — 13 mm long and 2 mm outer diameter, while larger tags are used in livestock and equine
applications. A selection of tag form factors is shown in Fig. 1.
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Fig. 1. A selection of planar type NFC tags (1-4). Implantable glass animal tags (5 and 6).

Due to the widespread use of NFC in payment and transport fare systems worldwide, the technology has
been included in a majority of currently available smartphones. This makes for a readily available NFC
reader where a clinician or end-user can easily interact with an NFC enabled implant to access and store
data remotely for further analysis if required.

The proof of concept introduced in this paper features a user programmable LED array that demonstrates
functionality through optical feedback, both in terms of energy transfer and communication. Although not
regulated for human use the tag is housed in a SCHOTT 8625 animal grade biocompatible glass cylinder
[12] as a platform for form fit and function.

Il. DEVELOPMENT OF AN IMPLANTABLE NFC TAG

A. Communication, Control and Energy Harvesting Electronics

As well as electrical performance, size constraints are a major factor for minimally invasive implantable
tags. The core electronic components required for an NFC AIMD are the NFC device/energy harvester,
microcontroller, sensor, display and inductor. The component sizes will dictate the tags housing and final
size. A block diagram of the proposed design is shown in Fig. 2.

Fig. 2. Proposed design.



The NFC transponder is an NXP NTAG I1°C (NTH3H2211) [13]. This is a fully ISO/IEC 14443A
compliant device that includes energy harvesting and 1 or 2K byte EEPROM memory accessible over a
serial 12C bus. Several packages are available with the XQFNS footprint at 1.6 x 1.6 x 0.5 mm? being the
smallest and most suitable.

For basic low power sensor applications, high computational requirements are often unnecessary and 8-
bit microcontrollers are suitable. The Atmel ATtiny20 [14] selected for this tag is the smallest in its class.
The device offers 2K bytes of programmable memory, 10 programmable 1/O lines and a 10-bit analog to
digital converter in a wafer level chip scale package (WLCSP) of 1.55 x 1.4 x 0.54 mm?®,

B. Reader to Tag Coupling

Although NFC tags — both planar and ferrite rod types — are often referred to as having antennas, being
near-field they are actually mutually coupled inductors with operation similar to that of a voltage
transformer. For NFC applications inductances in the range of 2 — 3 pH are typical, chosen to resonate
with the input capacitance of the NFC device. These values are easily achievable with planar inductors,
but for small cylindrical air-core inductances they are not practical. A method of decreasing coil size and
achieving the required inductance is to increase its magnetic flux density by inserting a ferrite-core in the
windings of the inductor. Ferrite cores come in a range of permeabilities for different frequency
applications, with the 67 core series from Fair-Rite [15] being recommended for frequencies > 5.0 MHz
and suitable for NFC.

Appropriate alignment between the reader and tag coil is required for successful transfer of energy and
data over an NFC link. Although this is straightforward for planar-to-planar cases, such as a contactless
card coupling to a point-of-sale reader where the magnetic fields are shown in Fig. 3(a), alignment is more
critical for ferrite rod tag coupling to a planar reader coil, Fig. 3(b). In the latter case, the coil should be
perpendicular to the tracks of the reader coil. This is due to the magnetic field being axial to the cylindrical
tag.
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Fig. 3. Optimal reader/tag coupling alignment where (a) is for the planar case and (b) cross sectional view
for a planar reader coil coupling to an implantable ferrite rod type tag. —— Representation of magnetic

flux.



I11. DESIGN CONSIDERATIONS

Standard NFC tags are typically tuned high in frequency at around 14.5 MHz, but when coupled to a
reader at an optimal distance resonance reduces to 13.56 MHz. Although less affected by the human body
as the electrical antennas used in UHF RFID, there is still an interaction at HF that needs to be considered
in the design, particularly when using high-Q and consequently narrow band devices such as ferrite loaded
inductors. To model this effect, using CST MWS™ a tuned circuit representative of the NFC device and
inductor tuned to 13.56 MHz was simulated. The inductance is given by (1) where the magnetic former mis
15 mm x 1 mm ferrite rod with a permeability of 67, close wound with 22 turns of 40 s.w.g. enamelled
(magnet) copper wire.

2
L= p =126 x 107°H 1)

Where:
L is the inductance in henrys.
Mr is the relative permeability of the core.
N is the number of turns.
A is the are in square meters
| is the length in meters.

The circuit is housed in a SCHOTT 8625 glass vial with the electrical properties, & = 5.6 and loss
tangent = 0.007. Using a planar coil for the reader, simulations were carried out to determine resonant
frequency and path-loss in-air, and also when implanted at a depth of 2 mm into a homogenous human
limb model of & = 21.5 and a loss tangent = 0.6, Fig. 4(a). It is noted from the simulation results in Fig.
4(b) that there is approximately 600 kHz frequency shift in the tag when it is in air as opposed to an implant
depth of 2 mm. Allowing for this offset, and that attributed to reader loading, then an in-air tag design of
~ 15 MHz would yield optimum performance when implanted. Path-loss simulations were also carried out
for both in-air and 2 mm depth implanted tags, resulting in losses of —5 and — 10 dB respectively as shown
in Fig. 4(c).
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Fig. 4. (a) CST MWS™ simulation model. (b) Return loss and in (c) path-loss simulations for both in-air
— and when implanted to a depth of 2 mm  ----.

To demonstrate operation, optical feedback is provided by a nine LED array. The microcontroller was
programmed with four flash patterns that are selectable over the NFC link using a simple smartphone
application. The application NFC Shell [16] allows for reading and writing to specific memory addresses
in NFC compliant devices, therefore allowing interaction with the tag. In this case to select different flash
patterns.

The combined stack heights of the components and PCB could be accommodated within a 3 mm o.d.
2.49 mm i.d. SCHOTT glass vial, leaving a space of ~ 1.2 mm for the ferrite rod inductor. The selected
PCB material was polyimide with a thickness of 0.2 mm. Allowing for tracking and component placement
this results in a PCB size of 15 mm x 2.2 mm. The selected glass vial length was 17 mm as this needs to

be longer than the PCB to allow for sealing without damaging the PCB and its components. Fig. 5 shows
the general construction of the tag.
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Fig. 5 (a) Top view of the tag, (b) side view.

IV. TAG CODING AND CONSTRUCTION

The ATtiny20 microcontroller does not include a specific 12C port or the associated registers normally
required to communicate with the NTAG NTH3H2211 device. However, this was overcome by emulating
the port operation in software. The microcontroller clock was 1 MHz with an I12C speed of 400 kHz. The
code was written in both C and assembler. The test tag was hand assembled, Fig. 6 (a) shows the top and
rear of the populated PCB. Of note are the five additional connection pads that are removed after
programming the microcontroller. Green LEDs are chosen for maximum light transmission through the
green SCHOTT glass.

The two main techniques for sealing glass vials are flame and infrared (IR) laser, with the SCHOTT
glass being absorptive at IR frequencies. Here we used the flame sealing technigue, where the open-ended
vial was heat-sunk in a rotating fixture of ~ 100 rpm and a flame of ~ 1000°C was applied at a 45° angle to
the vial. After a few seconds of applied heat, the glass collapses in upon itself creating a seal as shown in
Fig. 6 (b).

B

(b)

Fig. 6. (a) Top and rear views of a populated PCB. Top view clearly showing the 9 LED array and the 5
sacrificial programming connections. (b) Tag housed and sealed in SCHOTT 8625 glass.

V. PRACTICAL MEASUREMENTS

A section of pork meat complete with skin and fat was used to emulate an implanted tag. Using a Vector
Network Analyzer (VNA) and link coupling to the tag with a pick-up coil, resonant frequency
measurements were taken for the tag in air, implanted to a depth of ~ 2 mm, and when coupled to a
smartphone reader. The results were ~ 15, 14.2 and 13.6 MHz respectively. An animal injector was used to
perform the implantation as shown in Fig. 7(a). Using a Samsung A3 smartphone while coupling
perpendicular to the tag the default LED flash pattern is displayed as shown in Fig. 7(b). It should be noted
this is a scrolling pattern where only one LED is illuminated at a time.



(b)

Fig. 7. (a) Animal injector loaded with the experimental tag. (b) Demonstration of experimental tag
injected under the pork skin and coupled over NFC to a smartphone.

Using the programming environment NFC Shell, the byte that controls the flash patterns was
incremented, causing the second flash pattern to be displayed. This worked for all additional patterns with
the tag defaulting to the first pattern should an incorrect value be entered. Fig. 8 shows a screenshot taken
from NFC Shell just after programming a new pattern value. The returned hex value of OA confirms correct
programming of the tag. If an error occurs when programming then the software returns a NAK (negative
acknowledgment). This can be attributed to poor coupling between the tag and smartphone due to coil
misalignment. The read range was measured to be a maximum of ~ 5 mm off the skin surface.
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Fig. 8. Screen shots of NFC Shell in use, where (a) shows the command, address and data to be sent. In
(b) the screen presented before coupling to a tag. (c) shows a successful write of flash pattern 01 to the tag
and (d) similarly shows the same for pattern 02.

V1. CONCLUCIONS

This paper has demonstrated a wireless and battery free, minimally invasive implant with potential for
healthcare sensor applications that can be powered and interrogated using an NFC enabled smartphone.
The prototype miniaturized tag

and associated electronics are housed in a glass vial of 17 mm x 3 mm making it suitable for insertion
using a standard implant type injector. After injecting the tag into a section of pork meat at a depth of ~ 2
mm its electrical performance was tested. Using a standard smartphone and coupling to the tag, the selected
flashing LED pattern could be easily observed through the pork skin. Communicating with the tag using
the smartphone application NFC Shell, several LED flashing patterns were selected, and each was visually
confirmed to be correct through the pig skin. This demonstrates correct operation of the tag in terms of RF
energy harvesting and data transfer. A main feature of this approach is that no application specific
components or hardware is required with every component and reader being readily available. Future work
will incorporate further sensor electronics based upon the platform detailed here for implant applications.
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