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I. INTRODUCTION

Smart sensing and short-range wireless communications
form the bedrock for building sophisticated IoT based automa-
tion services for close-range monitoring of various types of
activities. Radio frequency (RF) based communications (e.g.,
Bluetooth, WiFi) are well established and work extremely well
in open, uncluttered environments, and are thus the technology
of choice for longer range communications through the air.
However, increasingly the communications needs involve en-
vironments with characteristics that make RF communications
difficult — these include presence of aqueous or plant/animal
tissue media which cause high signal absorption, metallic
clutter that causes diffraction or shielding of the signals, or
underground operation that results in an extremely complex
communications channel. Reducing absorption by choosing
lower frequencies helps in attenuation [1], [2], but needs bigger
antennas, which introduces the problem of undesirable size
and potentially severe interference with nearby radios. Also,
the power consumption of RF radios is generally quite high.
When localization is important, narrow-band RF technologies
only provide an accuracy of a few meters, which may be
inadequate [3].

Ultrasound communication (USC) is a well established non-
RF technology that works well in aqueous and underground
media, but requires larger size radios and higher power con-
sumption, but still cannot operate in a cluttered environment.
Visible light communication (VLC) is an excellent technology
for line-of-sight communications through transparent media,
but its performance deteriorates rapidly in the presence of
obstacles.

Another well-known short-range non-RF technology is
based on the principle of resonant inductive coupling (RIC)
between two matched coils, each forming an LC circuit with
the same resonance frequency. Magnetic resonance communi-
cation (MRC) modulates the magnetic field and forms the basis
for near field communications (NFC). Such communication
can be made purely magnetic by blocking the electric field
(e.g., via an Aluminium foil) and therefore will not suffer from
the usual fading and diffraction associated with the electric
field. Due to these advantages, MRC has been studied for
some RF-challenged environments such as underwater [4],

underground [5], and Body Area Networks [?], and some com-
mercial products are available, such as audio headphones by
NXP [6] and RuBee MRC tags useful in product labeling [7].

We have examined MRC in two contexts; (a) monitoring
the quality deterioration of fresh-foods while they are being
transported or stored during transit [8], [9], and (b) Human
Body Communications (HBC) [10]-[12]. Our work has shown
that MI works better than other HBC technologies such
as Capacitive or Galvanic coupling [12] and comparable to
ultrasound [13]. Other researchers have also examined MI and
other HBC technologies [14], [15]. We also found that MRC
is also very robust against variations that one would expect in
on/in-body environment such as movement, posture, clothing,
person to person variations (e.g., build, weight, etc.) [12]. We
note that in contrast MRC antennas have been reported to
be very sensitive to misalignments [16] and require proper
acoustic impedance matching [17].

In the context of HBC, an interesting emerging application
of MRC is communications among the nodes of (usually
small) networks some of which may be inside the body,
while some are on-body. The primary use case for these
is the management of chronic diseases that continue to
rise rapidly throughout the world due to the rapidly aging
population in developed countries [18], [19] and increasing
air, water, and food pollution in developing countries [20].
In the US, more than 50% of older adults > 3 chronic
conditions [18]. According to the US CDC, chronic diseases
account for nearly 75% of aggregate healthcare spending,
and their treatment accounts for 96% of Medicare costs and
83% of Medicaid costs [21], [22]. Management of chronic
diseases, often requires collecting relevant signals (e.g., nerve
conduction, muscle activity, blood flow, etc.) from multiple
points and their fusion to determine the actuation (drug or
electric stimulation delivery). For example, overactive bladder
control ideally involves a spinal cord neuro-modulator based
on the bladder pressure monitoring by an implantable pressure
sensor and the urine volume monitoring by micro-electrode-
mediated neural recording [23]-[25]. Thus the need for an
intra-body network of nodes, communicating via MRC is one
of the important scenarios.

A crucial aspect of such intrabody networks is the serious
limitations that they face. The nodes should be as small as
possible to avoid tissue damage, should last for as long as
they are needed (or the lifetime of the patient), and should
not require any adjustments/changes. Thus, the wireless power
transfer (WPT) to the nodes (along with supercapacitors to
hold the charge) is a much more desirable solution than
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Fig. 1: Power transfer vs. Frequency in Resonant RLC Circuit

batteries. The energy transfer could occur either from an
energy harvesting node inside the body (e.g., close to the heart
or lungs) or supplied from a battery-operated on-body device
such as a smart watch. An efficient WPT mechanism is crucial
to ensure that the nodes can receive adequate energy supply.
Note that even a small 20db path-loss through the body would
reduce 1 mW transmitted power to only 10uW on the receiver
side. Put another way, 99% of the transmitted power will be
wasted or absorbed by the tissue.

Given this backdrop, it is crucial to make MRC based
communication and power transfer highly efficient, and keep it
so over very long periods of time (e.g., 10’s of years) without
need for any physical access for the purposes of tuning the
circuits. This is the topic that we address in this paper and
propose an autotuning scheme to ensure the highest possible
energy transfer without any manual intervention.

II. Q FACTOR AND AUTOTUNING

MRC works by energy transfer between a transmit and a
receive coil separated by the desired communication distance.
Each coil has certain inductance L and connected to a capaci-
tor C in series or in parallel, plus a resistor in series to control
the current. At any angular frequency w = 1z f, such a circuit
has capacitive and inductive reactances, denoted X and X,
respectively, given by X¢ = —1/(jw) and X = jw. The
total impedance of a series RLC circuit is given by

Z:R+j(XL—XC):R+j<wL—wlO> (1)
When X > X the circuit is inductive, whereas X¢ > X,
makes the circuit capacitive. Electrical resonance occurs in

an AC circuit when the inductive and capacitive reactance are
equal, i.e.,
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In resonant condition, the impedance of the circuit becomes
purely resistive, i.e. Z = R.

An important performance indicator of an RLC circuit is
the quality factor @), defined as the ratio of the energy stored
in the circuit to the energy dissipated by the circuit [26], [27].
It is merely the ratio of reactance and resistance, and is given
by @ = 1/w,.RC).

Energy stored in the circuit per cycle

= w,L =

 Energy dissipated by the circuit per cycle
Reactance X (orX¢) w,L 1 3
"~ Resistance R " R RwC ®)
The quality factor mainly indicates how efficiently inductors
and capacitors in the circuit transfer their energy from the
source to the load. The quality factor is also defined as the
frequency-to-bandwidth ratio of the resonator, i.e.
Ir Wy
N )
where Af is the resonance width, i.e. the bandwidth over
which the power is greater than half the power at the reso-
nant frequency Aw is the corresponding angular half-power
bandwidth(See Fig. 1). From equation(3)-(4) we can observe
that the bandwidth of the RLC circuit can be controlled by
the resistance only, keeping all the other components same.

The transmit coil can transfer energy to the receive coil be-
cause of the mutual inductance between the two coils, denoted
M. Thus a time varying voltage V; (and corresponding current
Iy) in the transmit coil induces a current [5 in the receiving
coil. If the resistor, inductor, and capacitor values of the two
coils are (Ry, L1, Cy) and (R2, Lo, Co) respectively, then from
Kirchoff’s laws, it is easy to conclude that I, = —%Il.
Thus if the transmit data is modulated on the magnetic flux,
then the receiver can receive and demodulate the signal.
The effectiveness of the mutual coupling is measured by the
coupling coefficient , which can be estimated as

i )
VL1Lo

If P, and P, are the transmitted and received power respec-
tively, then the power transfer ratio is given by [27]

P W2M?RiR

?j = TTRéQ = K°Q1.Q2 (6)
where ()7 and ()2 are the quality factors of the transmit
and receive coils respectively. Thus, the power transfer is
proportional to the coupling coefficient and the quality factors
of the transceiver coils.

It is clear that to maximize energy transfer, both Q1 and Q2
should be as high as possible. Unfortunately, a high @ value
results in a much sharper peak in the resonance curve as shown
in Fig. 1. The key problem with the sharp peak is its stability,
since a slight drift in the parameters or load variations can
change the resonance frequency enough to substantially lower
the transfer efficiency. In this paper we devise an autotuning
mechanism to ensure that any drift is compensated for and
thus the energy transfer stays near its peak.

KR =



In general, there could be multiple reasons for drift,
some significant, some not. For example, the drift in the
capacitance due to aging and temperature variations depends
on the type of capacitor used. For small capacitances relevant
for the resonant LC tank, a class 1 CoG capacitor is ideal,
and its aging and temperature related variables are generally
quite small or negligible (see https://www.electronics-
notes.com/articles/electronic_components/capacitors/ceramic-
dielectric-types-cOg-x7r-z5u-y5v.php). However, the mounting
of the capacitor on the circuit board and the solder can
experience significant changes over time, particularly at
higher temperatures [28]. The change could eventually lead
to failures; however, our focus here is not failure, but the
drift in properties that occurs over a long period much before
outright failure.

In addition to the potential drift in the resonance circuit
itself, there are other changes whose impact could be perturb
the resonance significantly. One source of perturbation is the
movement of the transmit or receive coil while it is deployed
in the patient. Depending on the location, slight movements
and orientation changes occur as the body muscles move.
These movements would also change the parasitic capacitance
contributed by the the body and its contact with the coils. The
net effect of these variation is the change in the resonance
circuit parameters and thereby a drop in power delivered to
the load.

A. Related Work

The problem of “detuning” of resonant circuits due to
various impacts has been well recognized and studied in the
context of wireless power transfer (WPT). Note that our prob-
lem involves integrated WPT and communication which places
certain restriction as compared with pure WPT environment.
The main techniques as described below.

The most direct compensation method is to introduce a
switchable capacitor/inductor matrix to compensate for the ca-
pacitance drift. However, the solutions tend to be rather heavy
duty and intended for large power transfer situations. For
example, Si et. al. [29] consider power transfer to pacemaker
from outside and describe a way of changing frequency of
operation to regular power transfer. It includes both capacitor
switching and frequency switching to control power transfer.
Lim et al. [?] introduce a self-adaptive capacitor matrix with
automated searching for configuration with changing distance
between transmit and receive coils.

Another method is to adjust the capacitance via pulse-width
modulation (PWM) of the input signal in order to control
how much chance the capacitor gets to charge/discharge in
each cycle, which effectively changes its capacitance. Porto
et al. [30] do this by using an amplifier, and a double-sided
version is discussed in [31]. However, such complexity in
unwarranted since voltage controlled capacitors, many built
in with push-pull circuit are readily available. Furthermore,
PWM can interfere with the communication in the integrated
power transfer and communications mechanism that we are
interested in.

Switching the operating frequency to always correspond to
the resonant frequency is a popular method explored in several

papers. For example, a self-oscillating switching technique
was used in [32]. For our application, frequency switching
is undesirable as it is complex and requires the receiver to re-
latch to the change frequency to enable proper communication.

Another method is to control the phase shift on the receive
side by using the semiactive rectifier (SAR) where the trigger
modes of the driving signals are altered to achieve matching of
the load resistance or reactance. Mai, et.al. [33] use both pulse
width and the phase shift angle control to provide matching
for both the drift and load resistance variations. In our context
the rectification will work only for WPT, not communications.

III. CAPACITIVE TUNING
A. Circuit Design

Two RLC circuits with magnetic flux coupling were de-
signed. The main criteria was to have an efficient energy
transfer between the two circuits in a specific frequency (13.56
MHz). The values for resistance, inductance and capacitance
can be obtained from the resonance frequency and () factor.
According to [34], to have an optimal energy transfer, the
transfer coefficient k,,,. needs to equal to 1' o Here it is

. . . d T,
assumed that is actually the case in our simulations.
L 927 n H
c 14.86 pf
R 50 ©
kmre 0.063

TABLE I: Circuit parameters

To simulate circuits, LTspice®software was used.
LTspice®is a powerful, fast, and free SPICE simulator
software, schematic capture and waveform viewer with
enhancements and models for improving the simulation of
analog circuits. Its graphical schematic capture interface
allows you to probe schematics and produce simulation
results, which can be explored further through the built-in
waveform viewer [35].
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Fig. 2: Circuit in LTspice

Using LTspice®, the current, voltage and power were cal-
culated in the following table:

i 7.041 mA
vt 703 mV
i 6.865 mA
Uy 343 mV
Efficiency 47.57 %

TABLE II: Circuit performance

Subscripts t and r denote transmitter and receiver, respec-
tively.



B. On-Body Experiments

As it was seen in equation 6, the efficiency of transmission
would depend on the g-factors of transmitter and receiver and
the coupling factor of the medium. In a complex medium such
as human body, it would be naive to assume that the coupling
factor would only have a constant value. We conducted a
couple of simple experiments, in which we used the transmitter
and receiver of a pair of matching circuits on skin to measure
how the efficiency would change. Two matching circuits
were built, specifications of which are discussed in the next
subsection. The circuit is built according to the circuit in [12].
Then the two coils (transmitter and receiver) are be placed on
the left hand arm, 15 centimeters apart.

1) Skin Temperature: First experiment was with skin tem-
perature, in which we increased/decreased body temperature
and measure the efficiency. A rubber bottle was used as the
heating/cooling agent. The bottle then was placed on the arm,
between the two sensors and removed after 2 minutes. The
experiments were done by 4 different temperatures, 10°, 15°,
27°, 35° and 40° Celcius. As it can be seen in figure 3, there
is less than 1.78 dB loss between maximum and minimum
measured dB loss and there is no apparent correlation between
the temperature and efficiency.
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Fig. 3: dB Loss vs. Skin Temperature

2) Blood pressure: Second experiment was with blood
pressure, in which we measured the blood pressure (both
Diastolic and Systolic) and efficiency. The measurements were
done in different times of the day and after different activities,
in order to get a range of numbers covered for BP. As it can
be seen in the figure 4, it changes rather drastically. Although
our experiments may not present a direct correlation between
the two, what we can see is that it is a highly volatile and
complex transmission medium that needs maintenance in order
to establish a stable and efficient connection Bearing in mind
how complex and unstable the transmission can be, we proceed
to the next section to propose the controller.

C. Control Scheme

Here, two main scenarios are investigated: First, the drift
is modelled as a trapezoid, which starts and ends in both
transmitter and receiver. Second, the drift is modelled as
a saturating ramp, which starts slowly but never ends and
happens in both transmitter and receiver.
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Fig. 4: dB Loss vs. Blood Pressure

Due to the nature of the problem, which is to be as efficient
as possible in generating the control signals, a very simple
scheme was implemented. As it is shown in the 5, the current
in the receiver circuit goes downhill whenever the two circuits
do not match in resonant frequency. So the key part of the con-
troller is that it should find out which part of the slope we are
on. The controller only observes the current and whenever the
current is not at its maximum, it activates. Upon activation, it
increases and decreases the capacitance, measuring the current
after each action. When increased/decreased, if the current is
higher than the current measured before activation, it keeps
increasing/decreasing the capacitance. Otherwise, it changes
direction, meaning if it was increasing the capacitance until
now, it starts decreasing the capacitance, and vice versa, as it
is shown in Algorithm 1. The interest in controlling capacitors
matching is due to the fact that it has a very small value, so
there is a higher probability of parasitic capacitance interfering
with the designed capacitance. To design the controller, a truth
table is constructed for behavior of controller. To do so, the
following equations are defined:

§ = Sign(Ci—1 — Ci_2) @)
Al = SZgTL(It — It_1) (8)
Ay = Sign(ly—1 — I;—2) )

Controller truth table is shown in Tables III and IV, as they
represent two different scenarios. To clarify, the action means
the direction of the step (or sign of the step) that the controller
should decide to take. In the figure 6.b, the orange line is used
to show the optimal value of capacitance. The controller acts
upon in every scenario according to three data flow it receives,
current and action from one time sample before, current and
action from two time sample before and time.

Action -1 -1 -1 -1
A1 +1 | -1 -1 +1
Ao +1 | -1 -1 +1
§ +1 | -1 | +1 -1

TABLE III: Controller Truth Table 1

At first, we investigated the one-side control scheme, in
which only transmitter would have the controller implemented
on it, meaning that whether the drift happens on the transmit
or receive side, the controller would only be able to tune the



Algorithm 1 Controller Pseudocode

Observations:

I; := Receiver Current at time t

I; 1 := Receiver Current at time t-1
I;_o := Receiver Current at time t-2
C;_1 := Capacitance at time t-1
C;_o := Capacitance at time t-2

Parameters:

W' .= Initialization weight
W = Weight

€ := Threshold

A := Step size

« := Control Action

0= Sign(C’t_l — Ct_g)
Al = Szgn([t - It—l)

Ay = Sign(ly—1 — I;—2)

if NOT Controller’s Turn then
Ct — Ct—l
else
if |1, — Ic5| < € then
Ct — thl
else
if t=1 (First round) then Initialization
Ot — Ct—l +W'A
else
Ct(—0t71+Wt'Ck'A

Action | +1 | +1 | +1 | +1
Aq +1 -1 -1 +1
Ao +1 -1 -1 +1
4 B B ) B S | +1

TABLE IV: Controller Truth Table 2

circuit on the transmit side. As you can see in Table V, we
implemented this scenario with 5% drift on receiver side, and
using the controller, we are only able to recover 1%.

5(%) increase Tout(MA) | Poyut(mW) | Eff(%) | C(pf)
Before control 6.62 2.19 36.3 7.43
After control 6.84 2.34 37.4 7.77
Optimal values | 6.85 2.35 37.5 7.82

TABLE V: Performance of Transmitter side controller in 5%
increase drift on Receiver side

What it means is that using one-side control scheme, cannot
recover the drift that might happen on the side missing the
controller. This is why we moved to having the controllers on
both receive and transmit sides.

Since we have two controllers, on both transmitter and
receiver side, we schedule the operation of each controller.
What it means is, we give each controller a time interval to
act, in this interval the controller figures out whether it should
turn on and the direction it needs to act. In each interval, the
controller starts by checking the current. If it is less than the
reference by more than the amount of e, the controller’s first
action is to implement an initial increase in capacitor, using
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Fig. 5: Receiver Circuit Perturbed

this initialization the controller figures out which direction to
select using the truth table shown in figure 6. We also give
a decreasing weight to each change the controller wants to
implement in capacitance. So the controller output would look
like as below:

Controller Sequence = {C + Wt - A} (10)

In equation 10, « denotes the action, ¢ represents the step size
and W is the weight which is a number smaller than 1.

N
t=

5(%) Tout Pout Eff C Recovery
increase mA) | mW) | (%) @) | (%)
Before control 6.494 | 2.108 | 35.53 | 7.43

After control 6.925 | 2.398 | 4697 | 7.77 | 91.74
Optimal values | 6.927 | 2.4 48 7.82 | 100

TABLE VI: Performance of controller in 5% increase drift
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D. Controller Performance

To demonstrate the performance of the proposed controller,
worst scenario of drifting was needed to be selected. There are
two major categories which are that the drifting in transmit
and receive side happen in the same direction (increasing or
decreasing) or in opposite directions. As it is expected, if the
drifting happen in the same direction, they would reach a new
resonant state, which is not in the working frequency but at
least some of the loss is compensated this way. Worst case is
that the two capacitances would drift in opposite directions.

First Scenario: The drifting has been modelled by a trape-
zoid with height equal to 5 % of capacitance. The proposed
controller adapts to the drift according to the step size. It
recovers over 96 % of the maximum power and over 98 % of
the maximum current and voltage. Since the controller is using
a very simple and energy efficient control strategy, it always
settles in the range of 4 % of the designed capacitance. As for
the efficiency, at worst it experiences 44% efficiency.

Second Scenario: The drifting has been modelled by a
saturating ramp with max equal to 5% of capacitance. As it
is shown in Figure 8, The proposed controller adapts to the
drift according to the step size. It recovers over 98% of the
maximum power and over 99% of the maximum current and
voltage. Since the controller is using a very simple and energy
efficient control strategy, it always settles in the range of 3%
of the designed capacitance. As for the efficiency, at worst it
experiences 48% efficiency when converged. The controllers
manage to find a new resonant frequency without sacrificing
so much efficiency and power, very quickly.

IV. DISCUSSIONS

o The sharp drops in current and power are due to the
fact that drift, pushes us off the optimum rather sharply.
However, the controller is able to bring us back to optimal
(near optimal, to be precise) value. As it is observed
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in second scenario, we do not experience such drops in
current and power because we are able to compensate for
the slow changes.

The controller can be very fast on balancing the capaci-
tors. The speed is dependent on the activation value € and
step size. Of course, the speed would play as an adversary
to the energy efficiency of the controller and the trade off
can be studied before implementation.

Since the controllers act on both transmitter and receiver
sides and they do not share their actions, the capacitance
value does not settle on a single value (although its
change is bounded). Interestingly, the efficiency keeps
being high, due to the tracking behavior of controllers.
They both keep tracking the optimal value and the other
controllers value, hence what we achieve might not be
the exact optimal value, but the near optimal value and
more importantly, resonance in frequency.

As we have shown it in the cartoon provided in figure 9,
what happens is, essentially, some body properties change
over time (creating a time series) which would in return
change the properties of the magnetic communications
(improving or worsening it) in circuit level. Controller
would only see the circuit level (received current and
power are the observations of the controller). Hence,
no matter how complex the model between the body
properties and circuit variables are, it would not matter
to the controller at all. At some point, one might be able
to obtain a model that would translate body properties to
circuit variables, which in turn can make the controller
have a more efficient connection.

As the
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