
  

  

 Abstract— Active neural interfaces for bioelectronic medicine 

are envisioned to be mm-sized. Such miniaturization is at the 

moment hampered by the available wireless power techniques as 

well as the large volume the conventional hermetic packaging 

adds to the implant. Alternatively, conformal coatings are being 

explored for the protection of the implant electronics. Such 

approach has the potential to allow for the use of RF (radio-

frequency) energy for powering, and miniaturization to the 

extreme of having a single IC (integrated circuit) as the whole 

implant (single chip implants). The longevity of conformal 

encapsulation can be assessed using accelerated soak tests in a 

dedicated apparatus in vitro, but these are usually not sufficient, 

as they fail to reveal additional failure modes that manifest 

themselves in vivo. Therefore, to investigate the performance of 

conformal coatings in vivo a compact, mm-sized wireless 

monitoring system is required. The development of such a 

system exhibits several challenges, mostly concerned with how to 

receive enough energy in such a small implant to power the 

monitoring sensor and transmit information regarding the 

integrity of the coating. 

In this paper we propose a system architecture for such a mm-

sized wireless system, suitable for medium-to-long term 

monitoring of implants, by designing the whole system as a single 

monolithic IC. It is shown, by experiments, simulation or 

analytically that the identified challenges are possible to 

overcome, allowing to proceed towards the practical prototype. 

I. INTRODUCTION 

Most active implants are protected by a hermetic titanium 
housing that protects and isolates the human tissue from both 
electronic devices and batteries, offering decades of implant 
lifetime. The main limitations of such solutions are that they 
are generally bulky and rigid, while also isolating the interior 
electronics from radio or ultrasound waves limiting the 
external powering of the implant circuits. While titanium 
housing has been successfully used in older generations of 
implantable devices, such as pacemakers, the new era of 
bioelectronic medicine, where implants are envisioned to be 
mm-sized and wirelessly energized, calls for a new approach 
[1].  

Conformal encapsulation based on polymers or thin film 
ceramics, has the potential to achieve equally long lifetimes 
with a much smaller footprint, while allowing for efficient 
wireless power transfer. In contrast to hermetic approaches, 
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where the integrity of the package is evaluated by helium 
leakage assessments, the longevity of conformal encapsulation 
depends on good adhesion among all interfaces. It can be 
assessed using accelerated soak tests in a dedicated apparatus 
in vitro, using impedance spectrometry on interdigitated comb 
structures [2], [3] or even changes in the resistance of the 
chip’s interlayer dielectric using on-chip integrated sensors 
[4]. All of these assessments are useful however, they are 
usually not sufficient, as they fail to reveal additional failure 
modes that manifest themselves in vivo [5]. Therefore, to 
investigate the performance of conformal coatings in vivo a 
compact, mm-sized wireless monitoring system is required.  

Such a system should obey the following boundary 
conditions: (1) be implanted in a mouse (small), (2) be fully 
implantable, (3) allow for long term operation (self-powered), 
(4) operate below Specific Absorption Rate (SAR) threshold 
(low-power, conservatively <10µW), (5) avoid any external 
components and allow for the sole evaluation of the IC – no 
bonds, no pads (no passivation openings), no external 
components. 

We therefore envision such a monitoring system 
implemented in a single monolithic IC without any external 
components, evaluating solely the degradation of the IC 
passivation over time under conformal encapsulation 
materials. The IC will be fully passivated, comprising energy 
harvesting, an encapsulation integrity sensor and 
communication capabilities.  

In this work, we investigate the feasibility of such an 
approach, propose a system level architecture, and discuss the 
crucial implementation details for the most important blocks. 
Particularly the two main challenges to be discussed in this 
paper are (1) how much energy can we harvest in an IC without 
external components or MEMS (Microelectromechanical 
systems), using small coils (few hundred µm in size)? (2) Is 
this energy enough to power a sensor and a communication 
link? Through the next sections it is argued that it is possible 
and a system topology is proposed. 

II. BACKGROUND OVERVIEW AND REASONING APPROACH 

The architecture for an autonomous wireless sensor node 

generally comprises an energy collector to avoid the use of 

batteries, followed by an energy harvester/receiver circuit to 
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generate the DC power source for the sensor biasing, reading, 

and processing. Finally, a communication circuit is required 

to send the sensor information back to the exterior. 

A. Wirelessly Powering the Implantable Node 

The main sources for energy harvesting or wireless power 
transfer are (1) Solar, (2) Thermal -both DC energy sources-, 
(3) Vibrational, and (4) Inductive/RF – both AC sources- [e.g. 
6-12]. Due to the full implantability requirement of our 
application, solar and thermal options have not been 
considered further. Vibrational harvesters often require 
MEMS which are non-conventional IC elements, require post-
IC fabrication processing and compromise a full passivated IC. 

Inductive coupling is commonly chosen for short range 

wireless power links and RF for longer distance 

communication. RF requires non-integrated antennas at the 

frequencies of interest. Even NFC (Near Field 

Communication) uses antennas that are in the tens of mm 

range. Inductive coupling usually uses a transformer with 

high coupling coefficient, but examples exist with implants 

that make use of low coupling coefficients on large coils for 

transferring energy [9]. Reasoning that inductive coupling is 

the best solution, it still has to be evaluated if it can provide 

the necessary power on a small planar integrated inductor. 

B. Sensors and Processing 

Hermetically protected implants have cavities and can rely 
on a sensitive humidity sensor for leakage detection. For 
conformally coated implants, a different sensing approach is 
necessary. A soaked IC will allow for a gradual absorption of 
humidity. On-chip resistance and capacitance values will 
change in the presence of moisture, and even the bulk of the 
single IC can serve as a suitable sensor [13]. Sensor readings 
can be quantified using ADCs, however, in this 
implementation, due to power consumption limitations we 
propose to use an oscillator with a frequency dependent on an 
RC constant, that will reflect the changes of the RC time 
constant in moist environments. 

C. Communication Link 

To adhere to the extremely low power budget for the 
communication link backscattering is proposed. With this 
approach, when the load impedance on the implant side 
changes, it affects the carrier wave which in turn, can be 
detected outside the implant. The feasibility for the target 
specification needs to be evaluated as an extremely weak 
coupling coefficient is envisaged.  

III. REASONING APPROACH VALIDATION 

Due to the complexity of modelling and simulation of such 
a complex inductive coupling system, an experimental 
assessment was first conducted, to have an idea of the order of 
magnitude that the harvester system can obtain with an 
integrated inductor. The following experiment has been 
conducted: a custom IC (Figure 1(a)) comprising an RF power 
harvester IC designed and implemented to be connected to a 
50Ω antenna [14] is connected to allow for the matching coils 
to be used as resonant secondary coil of an inductive coupling 
system and expedite the feasibility evaluation. It is important 
to note that four coils are used as the RF harvester has a 

differential topology and is implemented with a T-match 
network. 

Several inductors were designed as emitters for powering 
the circuit, from solenoids and planar inductors in XYZ axis 
test setups, to pancake coils in cylinders mimicking a tube in a 
mouse cage (Figure 1(b)). Measurements showed that a 
voltage ~1V in a 1MΩ load (~1µA of current) is obtainable 
without further optimization. It also showed that even at a few 
mm distance (measured from the center of the coil towards the 
IC) a voltage of around 100mV is still obtainable. However, it 
is expected that the presence of tissue will increase the energy 
absorption and thus reduce the link efficiency. 

To evaluate the feasibility of the backscattering technique 
a switch is used to change the secondary load and observe if a 
change occurs at the primary. It is observed that it leads to 
amplitude modulation (AM) and a simulation on Cadence 
Spectre with a high-level model is shown in Figure 2. 

The described experiment acts as a proof of feasibility (on 
a custom RF harvesting circuit) that can now be explored, 
further developed, and optimized towards an in vivo 
encapsulation monitoring system on a monolithic IC (several 
other analytical models, electromagnetic simulations, Cadence 
Spectre simulations, etc, were used to evaluate individual 
blocks behaviour, but are not shown due to space limitations). 
The conducted experiments show that power in the order of 
µW is obtainable and that communication with the exterior is 
possible without a power greedy transmitter.  

IV. PROPOSED SYSTEM 

The complete in vivo reliability monitoring system is 
composed by four major parts: 1. wireless power transfer; 2. 
Power receiver and rectifier; 3. Resistive humidity sensor and 
oscillator; 4. Backscattering modulation for data transmission 
(Figure 3). 

The wireless power transfer is composed by an energy 
source connected to an external coil and inside the chip (grey 
area in Figure 3) an integrated receiving inductor forms the 
inductive link. The power harvester/receiver is responsible for 
converting an AC signal into DC. For the sensor part, an RC 
time constant is used inside the chip that is related to the sensed 
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Figure 1. (a) RF power harvester IC die photo (1100⨯700µm2), (b) 
Emitter coil on tube and AM modulation with backscattering approach. 

 
 

Figure 2. Backscattering Simulation on Cadence Spectre: (top) Carrier, 

(middle) AM backscattered modulation, (bottom) Load modulation. 



  

humidity and an integrated oscillator will, in turn, produce a 
frequency related to the RC constant. Finally, the oscillator 
will actuate a switch in parallel with the integrated inductor to 
send the AM-modulated information to the outside of the 
implant through backscattering. Externally to the implant, a 
transmitter coil with an amplifier with a controllable frequency 
and amplitude is used (Figure 4) to transfer energy for the IC. 
To receive the backscattered signal, a spectrum analyzer is 
used to measure the frequency of the AM-modulated wave. 

A. System Specifications 

Table I presents the power budget specifications for the 
different parts of the systems. On the external side the 
frequency and amplitude of the signals that will be transmitted 
and received are specified. Inside the IC, the oscillator and the 
sensor must be designed for ultra-low power consumption 
(approximately 1 μW). For a conservative margin, a power 
greater than 2 μW must be available to the load. Simulation 
results show that rectifiers working with small amplitude 
signals present low efficiencies, so once again, a conservative 
received power of 50 μW is specified. 

Previous works also show that link efficiencies are 
typically around 1% - 10%, the external source is designated 
to emit enough power for the worst case. Regarding the 
backscattering, the amplitude modulation of the signal inside 
the IC must present at least 200 mV of variance, at a frequency 
in a range of 3 to 13 MHz (directly dependent on the humidity 
inside the chip). Outside the IC it is expected to detect a 
modulation of 1.5 mV with a spectrum analyzer. 

In the next sections we will present each component of the 
system and size it to achieve the specifications of Table I. 

B. Inductive Link Efficiency 

Two models were used to predict the efficiency of the link, 

one theoretical with literature experiments, and the other with 

a specific Matlab toolbox for inductive links (Cucco). 

Typically the most important factor to estimate the efficiency 

of the link is the coupling coefficient K. The results obtained 

by the two methods for a 10 mm diameter emitter coil (Tx) 

and a 300 μm diameter receiver coil (Rx) for a distance range 

from 0 to 2.5 cm are shown in Figure 5. The two methods 

show similar behaviour with different absolute values 

however, a K inferior to 0.1 is expected at any distance (which 

translates to less than 10% of efficiency). 

For conservative purposes, it is assumed that a reasonable 

value for the coupling coefficient is in the 0.01 to 0.05 range. 

With this value, we can estimate the order of magnitude of the 

link efficiency (1% - 5%) and design the whole system for the 

desirable available power. 

C. RC Oscillator 

An inverter-based ring oscillator is the most reasonable 
choice since CMOS inverters have no static consumption. For 
this system it is proposed to stack multiple ring oscillators (4 
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Figure 3. Complete system architecture. 

 
 

Figure 4. External emitter energy source. 

TABLE I. SYSTEM LEVEL SPECIFICATIONS  

Power Budget 

External Circuit Integrated Circuit 

Emitted 

Power (Tx) 

>50mW 
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900MHz 

Received Power (Rx) >50µW 

Power Available to 

Load 
>2µW 

  Oscillator Power <1µW 

  Sensor Power <30nW 

Backscattering 

AM 

Modulation 
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>1.5mV AM modulation (Tx) >200mV 

 Frequency Range 3-13MHz 

 

 
 

Figure 5. Coupling coefficient for the two methods. 



  

in our case) as it divides the available supply voltage VDD in 4 
equal fractions (Figure 6(a)). This increases delay td, and thus 
results in a lower frequency. Moreover, as there is current 
reuse in a stack, it lowers the current consumption and can 
operate with very low voltage headroom. With these 
techniques, an extremely low power oscillator (less than 
500 nW) can be obtained with a frequency in the low MHz 
range, that changes with the bias current I1 as shown in 
Table II. Next, a sensor is required to generate a current 
proportional to the humidity inside the chip to complete the 
monitoring system. 

D. Humidity Sensor 

In [4] it is shown that inter-layer dielectric resistance changes 
with humidity for circuits soaked during a long time. In other 
words, when we have two metal plates (Figure 6(b)) on 
different metallization levels, as M4 and M5, the resistance 
between them is extremely high, in the 200 to 500 TΩ range. 
When water penetrates the chip, the resistance lowers by 1-2 
orders of magnitude. The sensor combined with the circuitry 
to amplify the current to the nA range consume less than 
30 nW. Combining the sensor with the low power current 
controlled oscillator, it is possible to generate a frequency 
proportional to humidity inside the chip while still keeping the 
power consumption lower than the proposed in Table I.  

V. CONCLUSION 

This paper presents the proposed architecture for an in-vivo 

encapsulation reliability monitoring system. While 

developing the system architecture, all the decisions were 

based in reasoned studies and/or experiments, however the 

solution proposed is ambitious and risky due to the fact that it 

consists of a single fully passivated IC. On the other hand, the 

gain, being successfully is enormous since it is minimally 

intrusive, and suitable for medium-to-long term monitoring of 

implants, totally isolating a single circuit from any external 

connection that can be itself a source of failure. 
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Figure 6. a) Stacked Oscillator (4 ring Oscillators). (b) Resistance 

sensitive to humidity in chip. 

TABLE II. OSCILLATOR SPECIFICATIONS  
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