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Abstract

In this paper, we present a comprehensive characterization of magnetic reso-
nance coupling (MRC) based through-the-body (TTB) communications in the
context of chronic disease management networks (CDMN). We have demon-
strated that MRC propagation through the human body exhibits fundamentally
different characteristics compared to air media, revealing several counterintu-
itive behaviors that deviate substantially from classical near-field predictions.
We also characterize the broadcast channel behavior with multiple simultane-
ous receivers and build an empirical path-loss model that achieves prediction
accuracy within 1 dB. Finally, we study the problem of detuning of resonance
in MRC in the context of the entire network and propose two retuning solutions
to mitigate it. We show that the proposed retuning mechanism can effectively
recover nearly all of the reception loss due to detuning. Overall, the proposed
methods provide effective solutions to some of the key challenges of realizing
intrabody communication networks for addressing the growing global burden of
chronic diseases.

Keywords: Chronic Disease Management network, Magnetic Resonance
Coupling, through-the-body communications channel, Path-loss, Retuning
Resonance, Q-factor

1. Introduction

There is an increasing array of human assistive technologies that require
sensing some vital signals and accordingly applying or simply recommending
some corrective action. In some cases, it suffices to obtain the signal via an
on-body sensor (e.g., EEG, EMG, heart rate, etc.); however, certain chronic
illnesses require the implantation of sensors in the body. In other cases, the
decision to get the signal in-body vs. on-body may depend on the tradeoffs of
the two. Implanted sensors can get a stronger/clearer signal (e.g., EEG/EMG
signals), may be less cumbersome for the patient, and more secure, but at the
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cost of invasiveness, potential adverse effects, and impracticality of replace-
ment/adjustment.

Chronic diseases are becoming increasingly prevalent worldwide, driven by
several factors including an aging population in developed nations and esca-
lating levels of pollution (air, water, and food) in developing countries [1, 2].
In the United States, nearly 45% of the population, equating to approximately
133 million people, live with at least one chronic illness [3], and this figure is
continually rising.

Fig. 1: CDMN illustration

As the risk of multiple chronic conditions rises
markedly with advancing age [4], and with the
elderly population expected to nearly double by
2050 [5], there is a pressing need for innovative,
cost-effective, and personalized approaches to the
prevention and management of chronic diseases [6,
7]. One such solution is to create a chronic disease
management network (CDMN) composed of multi-
ple sensors around the affected area to collect and
fuse the information for deciding corrective action
(perhaps via an actuator that delivers a drug or
electrical stimulus). Examples of CDMNs include
managing overactive bladder conditions through a
spinal cord neuro-modulator that is regulated by
an implantable pressure sensor for bladder pres-
sure and a micro-electrode-based system for urine
volume monitoring [8, 9, 10]; optimizing pacemaker
activity by monitoring pH, oxygen levels, respiration, physical activity, and drug
infusion [11, 12]; or employing brain-computer interfaces using an implantable
micro-electrode array with over 100 channels [13].

Fig. 1 illustrates a more general CDMN for managing multiple (3 in this
case) chronic diseases. For each disease, we expect a cluster consisting of a set
of sensors connected to a Hub node, which collects all the sensor data, makes
some local decisions, and potentially has an actuator to deliver a drug/stimulus.
We also show an on-body node (OBN) in the form of a smartwatch or similar
device, which communicates with the hubs. The OBN is responsible for the over-
all management of CDMN, a conduit to the outside world (via built-in WiFi or
Bluetooth communication ability), and may also serve as a more powerful de-
cision node. The nodes use through-the-body (TTB) wireless communications,
which is our key focus in this paper. Since long-lasting batteries are usually too
big for implants, a wireless power transfer (WPT) to the nodes is also required
and best done by the OBN. For the most part, the WPT and communications
face similar issues and thus can use the same technology; therefore, we make no
distinction in this paper. We have, however, studied energy transfer and energy
efficiency issues in [14, 15]. Fig. 1 also shows ”IBHN” nodes or Intra-Body (en-
ergy) Harvesting Nodes, which, too, would transfer energy to the needy nodes,
but we do not address them specifically.

Since the body can be viewed as a broadcast media, it is essential to coordi-
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nate all communications to avoid interference. That is, we need a media access
control (MAC) protocol for CDMN. While it might be tempting to use or even
propose a sophisticated MAC protocol, we emphasize that (a) the CDMNs are
expected to be very small in size, (b) Data transfers in CDMN are very short
but happen infrequently (e.g., every few seconds or longer), and (c) Energy effi-
ciency, rather than sophistication, is the most important requirement of CDMN.
Thus, the simplest scheme with a known time slot for every communication suf-
fices. We have discussed this aspect (along with some variants to allow for
emergency communications) in [15]; however, this paper is not concerned with
scheduling issues.

The two most promising technologies include Magnetic Resonance Coupling
(MRC) and Ultrasonic Coupling (USC), and our prior experimental work sug-
gests that both work well for TTB communications. Both MRC and USC
have been explored in the context of both wearables (on-body) and medical
uses (on/in-body), both for communication [16, 17] and WPT [18]. There are
currently very few detailed studies of MRC propagation through the body at
frequencies of a few to a few tens of MHz range and distances of tens of cen-
timeters, as detailed in section 2.5.

In this paper, we first summarize the MRC body media characteristics and,
in the process, provide a clear picture of the unusual characteristics of the body
media. We also substantially enhance this characterization by considering the
case of a single transmitter and multiple receivers, which we did not consider
earlier. Simultaneous reception by multiple receivers is crucial for energy trans-
fer from OBN to implanted nodes and for other broadcast scenarios such as
network reconfiguration. It is also nontrivial – connecting multiple receivers
exposes the complex interdependencies among them that go beyond the inter-
dependencies in air media due to the conductivity properties of the body. We
present both the measurement results with volunteers and an analytic model
for attenuation as a function of the number of receivers and their positions on
the body. We also conduct a more comprehensive study of the MRC detuning
problem. We show, through the example of changes in blood pressure, that the
physiological factors can impact MRC tuning. We also examine retuning from
the perspective of the entire network rather than a single transmitter-receiver
pair.

Abbrv. Explanation
CDMN Chronic Disease Mgmt. Network
MRC Magnetic Resonance Coupling
OBN On-Body Node
USC Ultrasonic Coupling
TTB Through-the-Body
NFMI Near-Field Magnetic Induction

Table 1: List of Abbreviations

The rest of the paper is organized
as follows: Section 2 introduces the
Magnetic Resonance coupling (MRC)
characteristics and detuning problem.
In Section 3, the experimental setup
and simulation setting are discussed.
Section 4 discusses experimental and
simulation-based characterization of
the TTB MRC communications chan-
nel. Section 5 discusses the impact of multiple receivers in/on body receiving
signal from a single transmitter. Section 6 details our retuning solution along
with the results for the single transmitter-receiver pair. In Section 7, we present
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our solutions for the network-wide retuning along with the results. Finally, Sec-
tion 8 concludes the paper. Table 1 lists some common abbreviations used in
the paper.

2. Characteristics of MRC Communications

2.1. MRC Technology and its In-Air Characteristics

Magnetic resonance coupling uses matched transmit and receive antennas,
each of which consists of a copper coil in series with a capacitor forming the
classical ”LC” circuit (where L refers to the inductance of the coil and C refers
to the capacitance of the capacitor). The coupling is most effective when the
resonance frequency, given by the formula fr = 1/(2π

√
LC), is identical for

both transmit and receive coils. Furthermore, to avoid reflections, the two sides
also need to have matching complex impedance, which is a function of the L,
C, and R (resistance) on each side.

The TTB communications and other applications of MRC assume that the
technology works in the near-field regime, often under the name NFMI (near
field magnetic induction). In contrast, the traditional RF communications, such
as BLE, are invariably far field. The near-field assumption holds when the op-
erating distance d is much smaller than the wavelength λr, or more precisely,
d < λr/2π [19]. For example, a popular operational frequency for NFMI is
13.56 MHz, which is the standard frequency for RFID operation. At this fre-
quency, the near-field limit is 3.5m in the air. In the case of far field, i.e.,
when d ≫ λr/2π, the coupling is no longer magnetic; instead, the signal trav-
els through radiative means. The traditional RF technologies operate at much
higher frequencies and are thus necessarily far-field at distances of interest. In
particular, RF power is transferred through Friis equation for propagating EM
waves, where electric and magnetic fields are coupled through Faraday’s and
Ampere’s laws in Maxwell’s equations. The concept of near-field is really an
idealization and is characterized by making some assumptions that effectively
decouple the magnetic and electric fields.

The resonant LC circuit in MRC produces a magnetic field that induces
current flow in the receiver coil. In the air media, the received power is re-
lated to the transmitted power using Lenz Law [19]. This relationship suggests
several key characteristics for the communication channel. The induced current
increases linearly with the operating frequency and goes down very rapidly with
distance h (as h−3). Since the power is proportional to I2r , the induced power
decays as h−6, which is much faster than the decay for the far-field (or RF)
case, where the power goes down as h−2. The very rapid decay of the induced
power with distance makes the MI technology inherently a small range technol-
ogy, and this effect is usually more limiting than the near field requirement of
h < λr/(2π). The area of transmit and receive coils (proportional to ρ2t and ρ2r
respectively) and the number of turns (Kt and Kr) directly influence the mutual
inductance and hence the induced current. Increasing the range requires bigger
coils and more turns, both of which may be undesirable in applications where
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a small size is required. The frequency and the transmit coil current directly
increase the induced current, and hence the overall range, but at the cost of
higher power consumption. Lenz’s law also predicts that the received power
decays as the cosine of the angle between the transmit and receive coils; that
is, for maximum energy transfer, the two coils should be facing each other, and
no power will be received if the two coils are at a 90-degree angle. We show in
section 2.3 that many of these properties do not hold in the body media.

2.2. Fundamentals of MRC

MRC works by energy transfer between a transmit and a receive coils of in-
ductance L in series (or parallel) with capacitance C. At any angular frequency
ω = 2πf (with frequency f), such a circuit has capacitive and inductive reac-
tances, denoted XL and XC respectively, given by XL = jω and XC = −1/(jω).
The total impedance of a series RLC circuit is given by

Z = R+ j (XL −Xc) = R+ j

(
ωL− 1

ωC

)
(1)

When XL > XC the circuit is inductive, whereas XC > XL makes the cir-
cuit capacitive. Electrical resonance occurs when the inductive and capacitive
reactance are equal,

XL = Xc, =⇒ ωrL =
1

ωrC
, =⇒ ωr =

1√
LC

(2)

which implies that ωr = 1√
LC

. In a 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

Q, defined as the ratio of the energy stored in the circuit to the energy dissipated
by the circuit [20, 21]. It is merely the ratio of reactance and resistance, and is
given by Q = 1

ωrRC .

Q =
Energy stored in the circuit per cycle

Energy dissipated by the circuit per cycle

=
Reactance

Resistance
=

XL (or XC)

R
=

ωrL

R
=

1

RωrC
(3)

The quality factor mainly indicates how efficiently inductors and capacitors in
the circuit transfer their energy from the source to the load. It can also be
defined as the frequency-to-bandwidth ratio of the resonator, i.e.

Q =
fr
∆f

=
ωr

∆ω
(4)

where ∆f is the resonance width, i.e., the bandwidth over which the power is
greater than half the power at the resonant frequency. ∆ω is the corresponding
angular half-power bandwidth (See Fig. 2).
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The transmit coil can transfer energy to the receive coil because of the mutual
inductance between the two coils, denoted M . Thus, a time-varying voltage V1

(and corresponding current I1) in the transmit coil induces a current I2 in the
receiving coil. If the resistor, inductor, and capacitor values of the two coils are
(R1, L1, C1) and (R2, L2, C2) respectively, then from Kirchoff’s laws, it is easy
to conclude that I2 = − jωrM

R2
I1.

Thus, if the transmitted 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 κ, which can be estimated as

κ =
M√
L1L2

(5)

If P1 and P2 are the transmitted and received power, respectively, then the
power transfer ratio is given by [21]

P2

P1
=

ω2
rM

2R1R2

R2
1R

2
2

= κ2Q1.Q2 (6)

where Q1 and Q2 are the quality factors of the transmit and receive coils, re-
spectively. Thus, the power transfer is proportional to the coupling coefficient
and the quality factors of the transceiver coils [22]. It is clear that to have the
perfect energy transfer, the coupling factor κ needs to be equal to 1√

Q1·Q2
. This

coupling factor was used in the circuit simulations.

2.3. Unique Properties of Body Media for MRC

Unfortunately, most of the above-mentioned and well-understood properties
of MRC (or NFMI) falter in a highly complex environment like the human
body, and we end up with many surprising and nonintuitive behaviors, which
have motivated our prior work on the topic [23, 24] and the extensions described
here.

The most important aspect of non-air media is its electrical permittivity
ϵm and magnetic permeability µm. These affect the speed of EM propagation,
denoted by cm, through the media. In particular, cm = c0/

√
ϵrm × µrm, where

c0 is the “speed of light” through the vacuum, and ϵrm and µrm are the electrical
permittivity and magnetic permeability through the media relative values to the
values in vacuum (ϵ0 = 8.854e−12 and µ0 = 4π×10−7). Note that by definition,
cm = λm×f for wavelength λm and fm as frequency. Thus, a high permittivity
or permeability reduces both λm and cm at a given frequency.

For the human body, µrm ≈ 1 but ϵrm varies tremendously from organ to
organ [25, 26], with absolute values (including real and imaginary parts) ranging
from tens to thousands. The imaginary part results from the conductivity of
various organs, which also varies significantly. Furthermore, the permittivity
is not constant but goes down with the operating frequency. Table 2 shows
a sample of relative permittivity and conductivity at both 13.56 MHz and 25
MHz, and one can see significant variations even within a single organ.
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Table 2: Relative Permittivity and Electrical Conductivity of Various Tissues at Different
Frequencies[27]

Tissue type 13.56MHz 25MHz
Rel. Permit. Elec. Cond. Rel. Permit. Elec. Cond.

Blood 210.6 1.12 133.1 1.15

Muscle 138.4 0.63 99.3 0.65

Skin (dry) 285.2 0.24 175.7 0.32

Fat (avg.) 25.4 0.06 18.6 0.06

These numbers have many implications in terms of channel characteristics,
which make the human body completely different from air. First, the average
relative permittivity within the body is of the order of 100, which implies that
the wavelength at a given frequency would be around 1/10th. It further implies
that the near-field limit would also be 1/10th; e.g., around 35 cm at 13.56
MHz, rather than the 3.5m in air. Thus, the propagation inside the body would
operate in the “mid-field” rather than near-field, which implies far more complex
characteristics than Lenz’s law for near-field would suggest.

The second issue is conductivity – a fairly high conductivity means that the
propagation within the body is somewhere in between the current flow through
a conductor, magnetic induction, and EM wave propagation, and the behavior
strongly depends on the frequency. Added to this is the third issue: the ex-
treme heterogeneity of the body media. It is well known that when EM waves
encounter a boundary with dissimilar electromagnetic properties, they will un-
dergo some refraction, reflection, and dispersion. Although difficult to charac-
terize precisely, the impact of numerous dissimilar boundaries inside the body is
scattering, essentially amounting to isotropic propagation. This is borne out by
the lack of sensitivity of attenuation to the relative orientation of the transmit
and receive coils, which is quite helpful in the intrabody network context. There
are other unusual behaviors as well, as we discuss later in the paper.

2.4. Parameter Drift and Retuning of MRC

Fig. 2: Resonance Illustration

It is clear that to maximize energy trans-
fer, both Q1 and Q2 should be as high as pos-
sible. Unfortunately, a high Q value results in
a much sharper peak in the resonance curve
as shown in Fig. 2. The key problem with
the sharp peak is its stability, since a slight
change in the parameters or load variations
can change the resonance frequency enough
to substantially lower the transfer efficiency.
Since the implanted nodes in CDMN should
be able to work well throughout the lifetime of the patient, we need an au-
tomated mechanism to retune the network to maintain a near-optimal level in
spite of the drift/changes in the resonance peak.

In general, there could be multiple reasons for drift/changes, some signif-
icant, some not. For example, the drift in the capacitance due to aging and
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temperature variations in the class 1 CoG capacitor used in medical applica-
tions is generally quite small or negligible [28]. Similarly, the coil inductance is
unlikely to drift over time. However, the mounting of the capacitor/inductor on
the circuit board and the solder can experience changes over time, particularly
at higher temperatures [29]. Although in rare cases the circuit may fail, we
focus only on drift, which is much more likely.

In addition to the potential drift in the resonance circuit itself, there are other
changes whose impact could perturb the resonance significantly. One source
of perturbation is the slow shift in the node location in the body. Although
slight movements and orientation changes occur all the time within the body,
there could also be a longer-term drift as the patient ages. These changes
would also change the parasitic capacitance contributed by the body and its
contact with the coils. Another potential source of perturbation concerns the
change in physiological parameters of the person. Some of these could vary
rather frequently (e.g., blood pressure, heart rate, skin conductance, etc.) and
are best ignored as they are transient. However, there could also be longer-
term changes as well in many parameters, including blood pressure, fat, muscle,
bone density, etc. The changes could lead to higher or lower signal attenuation
than the nominal value. In the former case, retuning is crucial from an energy
transfer perspective and may be important for communication over longer TTB
distances. In the latter case, no retuning can help lower the transmit energy.

2.5. Related Work

2.5.1. BioMedical Use of MRC and USC

The biomedical applications of MRC and USC generally consider very short
distances (a few mm to a few centimeters). Foundational MRC work by Kurs
et al. [30] introduced strongly coupled magnetic resonance for mid-range WPT,
later adapted for biomedical use by Kiani et al. [31], who optimized a three-coil
system for efficient powering of implants. Ho et al. [32] demonstrated midfield
powering of a millimeter-scale cardiac implant at over 5 cm depth. More re-
cently, flexible and compact MRC coil designs have emerged: Xu et al. [33]
proposed a 3D dual-coil system achieving 70 mW at 6 mm with 35% efficiency,
while Hoang et al. [34] showed that resonator coils at 6.78 MHz maintain 60-75%
efficiency even when bent. A triple-layer 13.56 MHz coil architecture further
pushed efficiency to 88% at 10 mm [35]. Kouhalvandi et al. [36] surveyed design
trade-offs for MRC systems in biomedical contexts. Ozeri and Shmilovitz [37]
pioneered ultrasonic transcutaneous energy transfer (UTET) to power implants
several centimeters deep. Kim et al. [38] explore an USC-powered microprobe
for electrolyte ablation. Chang et al. [39] develop a USC power receiver for med-
ical devices and discuss MRC power transfer to medical devices. Seo et al. [40]
introduced “neural dust,” a batteryless, sub-mm implant platform powered and
read via ultrasonic backscatter, enabling in vivo neural recordings. Weber et
al. [41] and Charthad et al.[42] extended this concept to pressure sensors and
neurostimulators using time-multiplexed ultrasonic power and data links. Wang
et al. [43] recently demonstrated a fully implantable ultrasonic deep brain stim-
ulator using dual-frequency lead-free piezoelectric harvesters.
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2.5.2. Characterization of Body Communications Media

Much of the longer-range characterization models the body either separately
for different types of tissues, or by using average dielectric properties, or in the
context of very high frequencies. Ibrahim et al. [44], for example, explore both
through COMSOL simulation of EM propagation through a homogeneous soft-
tissue media and via some experiments on chicken breast. It studies power
transmission efficiency (PTE) and power delivered to the load (PDL) for MRC
and USC implant of two different sizes, with mixed results. They did, however,
find that the USC link is more sensitive to Rx misalignments and orientations
than MRC. Wen et al. [17] is typical of channel characterization efforts through
measurements and simulations. It considers propagation over a much higher
frequency region (50 MHz to 2.4 GHz) and uses average dielectric properties
of the human body, which is not appropriate at lower frequencies. It studies
ear-to-ear MRC transmission and finds that it works best in the 100-200 MHz
range.

Although wireless power transfer (WPT) through the body has been ex-
plored extensively, the literature only speaks of WPT to a single node rather
than a network. For example, MRC is considered in [45, 46, 47], ultrasound
in [48] and comparison between various techniques [49, 22].

2.5.3. MRC Returning Problem

The problem of MRC detuning has been considered in the literature; how-
ever, the retuning solutions invariably use a switchable capacitor/inductor ma-
trix, which makes them rather heavy-duty. For example, Si et. al. [50] consider
power transfer to a pacemaker from outside and use both capacitor switching
and frequency switching to control power transfer. Lim et al. [51] introduce
a self-adaptive capacitor matrix with automated searching for a configuration
by changing the distance between transmit and receive coils. Another method
is to adjust the capacitance via pulse-width modulation (PWM) of the input
signal. This controls how much chance the capacitor gets to charge/discharge in
each cycle, which effectively changes its capacitance. Porto et al. [52] do this by
using an amplifier, and a double-sided version is discussed in [53]. PWM is un-
workable in our context because of potential disruption to communication in the
integrated power transfer and communications. A better method is to change
the capacitance directly using the widely available voltage voltage-controlled
capacitors with built-in push-pull circuit [54]. In all cases, the time required to
complete the change must be respected, and it would introduce some delay in
the communications and WPT.

The capacitance change can be used to counter the drift by ensuring that
the operating frequency is restored back to the resonant frequency. This is
a popular method explored in several papers; for example, a self-oscillating
switching technique was used in [55]. Unfortunately, frequency switching is not
only complex in our context (as discussed later) but also requires the receiver
to re-latch to the changed frequency to enable proper communication. Another
method is to control the phase shift on the receive side by using the semiactive
rectifier (SAR). The trigger modes of the driving signals of SAR are altered to
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achieve matching of the load resistance or reactance. Mai et al. [56] 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.

2.5.4. MRC vs. USC for TTB Communications

Given the popularity of USC in biomedical applications, our prior in [57] has
evaluated USC both experimentally (via on-body experiments) and via Sim4Life
simulations using its acoustics package. We generally found that USC has a
somewhat longer range than MRC, and like MRC, the results are quite different
than what one would expect in the air. In particular, contrary to expectations,
the path-loss goes down with frequency, which led us to try higher frequencies
in multi-MHz range. Unfortunately, the flat diaphragm USC transducer that
we used (to compare directly with the flat MRC coil) must necessarily become
thinner as the frequency increases [58]. This limited the actual experiments
to only 8 MHz. However, like MRC, we found an excellent match between
experiments and Sim4Life simulations and thus explored higher frequencies via
simulation. The range advantage of USC mostly disappears beyond the 13.5
MHz range. Also, acoustic impedance matching could be difficult [39] and hence
we primarily focus on MRC in this paper.

2.5.5. Our Prior Work and Relationship to This Paper

We have explored MRC (and to a limited extent USC) for the body media
in our prior work. In particular, we conducted experiments with several vol-
unteers and measured attenuation as a function of distance in [23] and found
that the attenuation increases rather slowly with distance. We also experi-
mented with several variations, such as the position of antennas on the body,
coil orientations, subject movement/posture-change, etc., and found that the
MRC propagation through the body is quite stable. We have also studied the
packet delivery ratio at different distances in [24]. We explored the simula-
tion of MRC in [59] and found that the simulation results match measurements
quite well. Preliminary work on MRC retuning for a single transmitter-receiver
pair is discussed in [60]. We have explored some of the energy transfer issues
in [14] and communications issues in [15]. This paper extends our prior work
by: (1) developing a comprehensive path-loss model for multi-receiver MRC
scenarios, addressing the gap in understanding broadcast energy delivery, and
(2) introducing network-wide retuning strategies using a rectified error measure
that prevent destructive interference between controllers. While our previous
studies established the feasibility of MRC for intrabody networks, this work pro-
vides the essential modeling and control mechanisms needed for the practical
deployment of battery-less implanted device networks.
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3. Experimental Characterization of Body MRC Channel

3.1. Antenna Designs for Experiments

Because of the infeasibility of conducting any in-body experiments, results
reported here rely on either on-body experiments or on simulations1. For real
experiments, flat 20 mm diameter coils (like the one in Fig. 3(b)) are attached
to the volunteer’s skin at the desired position using electrical gel and covered
with magnetic shielding to avoid in-air leakage.

Parameter Value
Inductance 9.27 µ H
Capacitance 14.86 pf
Resistance 50 Ω
Coupling (kmrc) 0.063

Fig. 3: (a) Circuit parameters, (b) A sample
MRC Antenna

We designed several RLC circuits
focusing on the resonance frequency
of 13.56 MHz for the experiments.
The parameter values for the RLC
circuit are shown in Fig. 3(a). To con-
duct retuning experiments, we also
needed to build circuits with differ-
ent parameters as well. A simple so-
lution for this is to use mechanically variable inductors and capacitors (usually
changed by turning a screw) and (de)tune them manually as needed. However,
such variable inductors/capacitors are notoriously unstable to the point of being
unusable for small drifts that we are interested in. The voltage-controlled in-
ductors and current-controlled capacitors require more complex circuit design,
and obtaining high-precision components is difficult. Therefore, we built LC
circuits with suitably chosen capacitor values along with a change in the num-
ber of turns to change the inductance (Changing coil diameter requires different
coils, which were not available). Note that the resistors and capacitors come
only in certain well-known sizes and have 1% or worse tolerance; therefore, the
practical problem of achieving the precise resonance frequency or matching the
transmitter and receiver is quite tricky to solve and very time-consuming. We
largely achieved this by trial and error.

There are other challenges also brought about by using the antenna on-
body. The human body has a small capacitance that must be accounted for
in achieving the precise resonance frequency, although this appears to remain
constant. Other issues concern the quality of antenna contact with the skin,
signal leakage outside the body, and the impact of the skin properties of the
person. For good contact, we used an electric gel, and we covered the transmitter
and receiver with a magnetic shield to avoid leakage outside the body and ensure
that only the TTB communication path is used. Although skin resistance is a
function of many parameters (e.g., skin type, hydration, temperature, stress
level, etc. [61]), the impacts on overall communication were not deemed to be
substantial.

1Human experiments were done under the approved IRB protocol #28089
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3.2. Design of On-Body Human Experiments

For our experiments, we asked the volunteer to either sit in a chair or stand
on the lab floor. Neither mattered since the lab floor is nonconducting. We also
confirmed that different postures (e.g., seated on a cushioned chair with feet
off the ground) did not make any difference. We measured the communication
performance in two ways. First, we connected the transmitter to a signal gener-
ator and receiver to a vector network analyzer (VNA) to measure the received
signal. There was no common ground connection between the signal generator
and the VNA, as that would invalidate the results.

For real packet transmissions, we used a pair of USRP (Universal Software
Radio Peripheral) N210 boards produced by Ettus Research [62]. The boards
enable flexible implementation of software radio, including various types of mod-
ulation schemes, along with the ability to connect different types of antennas. It
includes a Xilinx® Spartan® 3A-DSP 3400 FPGA, 100 MS/s dual ADC, 400
MS/s dual DAC, and Gigabit Ethernet connectivity to stream data to and from
host processors. A modular design allows the USRP N210 to operate from DC
to 6 GHz. In our experiments, we used BPSK modulation to study the packet
delivery ratio through the body at different distances.

3.3. Sim4Life Simulation Based Evaluation

Because of the limitations of conducting real communications experiments
in the body media, a detailed simulation of electromagnetic activity within the
human body is an important technique to obtain insights. This amounts to
solving Maxwell’s equations in a complex body media. There are several open
source simulation packages summarized in [63], but most do not come with
human phantom models. Two packages that do include them are CST Studio
(open source) and Sim4Life (commercial) [64]. Sim4life supports very detailed
”Virtual Population” (ViP) phantom models of the human body, including all
of the organs.

Realistic modeling of EM propagation through the human body requires
accurate handling of surfaces with very different EM properties; therefore, nu-
merical solutions using a fine 3D grid (”voxel”) are necessary. Small voxel size
increases simulation time substantially, but is essential to obtain acceptable
accuracies.

The three main methods in this regard are [63]: Finite-differences-time
domain (FDTD), Finite Element Method (FEM), and Method of Moments
(MoM), or equivalently, Boundary Element Method (BEM). We have used
Sim4Life FDTD method in our modeling. Most results were obtained by mak-
ing the quasi-static assumption appropriate for NFMI. These tend to be far less
resource-intensive than solving full Maxwell’s equations, which would be more
accurate at higher frequencies; however, the main reason to stick with quasi-
static assumption is the rather poor numerical properties of the full FDTD
solvers in Sim4Life at low frequencies. All of the work in the literature using
a full FDTD solution that we are aware of assumes Gigahertz frequencies; the
methods become rather unstable in the 10 MHz range that we are interested in.
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We use the “Duke” model in Sim4Life, an MRI-based full-body model ob-
tained from a virtual population. The model was segmented into 75 anatomical
body tissues/organs, with a resolution of 1.5 × 1.5 × 1.5 mm3 throughout the
body. The height and weight of the model were 1.77 m and 70.2 kg, respectively.
Since a FEM solver is capable of operating at various frequencies, we obtained
the path-loss distribution with the human body model using the magneto FEM
vector-potential.

4. Results on MRC Body Channel Characterization

In this section, we show that the Sim4Life simulation results match experi-
mental results extremely well and then report some additional simulation-based
results that show the very peculiar behavior of the MRC body channel. We also
show some experimental results on the impact of physiological parameters on
MRC resonance, which is important from the perspective of short-term retuning
of the circuits.

4.1. Impact of Physiological Parameters on MRC Channel

In the following, we show the impact of two physiological aspects of the body
that tend to fluctuate a lot. The first is body (skin) temperature, which varies
both normally and as a result of sickness. The second is blood pressure, which
is affected by numerous factors such as exercise, stress, disease, age, etc., and is
often closely related to the heart rate. In terms of MRC retuning, while there
is little point in chasing the very short-term changes, longer term chances (e.g.,
age/sickness-related) can make the CDMN more robust.

4.1.1. Skin Temperature vs. Transmission Efficiency

Table 3: Impact of Skin Tem-
perature on Pathloss

Temp. (◦) Pathloss (dB)
10 16.60
15 16.14
27 16.31
35 14.91
40 16.69

We examine the path-loss with respect to the
skin temperature. For this, we artificially increased
and decreased skin temperature in the left arm and
measured the path-loss. A common rubber bottle
was used as the heating/cooling agent. The bottle
was placed on the arm, between the two sensors,
removed after 2 minutes to avoid any extended im-
pacts, and then the received power was measured.
The experiments were done at 5 different temperatures, 10◦, 15◦, 27◦, 35◦ and
40◦ Celsius. As can be seen in Fig. 4.a, there is less than 1.78 dB loss between
maximum and minimum measured dB loss, and no apparent correlation between
the temperature and efficiency is observed.

4.1.2. Blood Pressure vs. Transmission Efficiency

In the second experiment, we measured the blood pressure (both Diastolic
and Systolic) and path-loss. The measurements were done at different times of
the day and after different activities, resulting in a range of numbers for BP.
As can be seen in Fig. 4.b, there is approximately 8 dB difference between the
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maximum and minimum measured dB loss, and it changes rather substantially.
Although our experiments do not show a very clean relationship between BP and
path-loss, we can see that blood pressure and possibly other body parameters
affect how efficient the transmission is. Therefore, it is important to compensate
for such changes automatically to keep the transmission efficiency high. The
proposed control scheme attempts to address the need for adaptation in such
scenarios.

4.2. Comparison Between Experimental and Simulation Results

Fig. 4: a. dB Loss vs. Skin Temperature,
b. dB Loss vs. Blood Pressure

The Sim4Life model was run for the
same (on-body) locations of transmitter
and receiver as in the real experiments
to enable a direct comparison. Never-
theless, it is important to note that the
Duke model in Sim4Life does not corre-
spond to the characteristics of the sub-
ject used for experimentation. Neverthe-
less, the impact of individual differences
should be rather small, as suggested by
our prior work in [23].

Fig. 5: MRC measured & simulated pathloss
vs. freq.

Fig. 5 shows the comparison for a
wide range of frequencies from 3 MHz
to 50 MHz. It can be seen that in
most cases, there is a very good match
between the two. In all cases, the
measured loss is larger than the sim-
ulated one, which could be explained
by the fact that the simulated situa-
tion is ideal (simulation has no notion
of skin-contact quality, field leakage
outside the body, or the minor loss of
signal between the measuring equip-
ment and the measured signal on the body). Accounting for this will perhaps
show an even better match. We found such a match in all the other (unre-
ported) cases as well. The somewhat variable difference between measured and
simulated values can be attributed to various sources of variations including:
(a) body-type of the volunteer vs. that of the phantom, and (b) difficulties
and practical issues in setting the precise values of L and C in each case, as
mentioned in section 3.1, and (c) unmodeled issues in the simulations.

It is worth noting here that both the Sim4Life simulation and real measure-
ments have several potential sources of limitations; thus, a consistent match in
the shown (and other results not shown here) provides confidence in the ro-
bustness of both simulation and measurements. In particular, Sim4Life is an
extremely complex package with numerous parameters, and its solution method
for Maxwell’s equations using the finite-element method does have numerical
and quantization issues. Furthermore, even though the ViP phantom models
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are assembled from careful 3D imaging of cadavers, they do not faithfully repre-
sent things like flowing blood, beating heart, etc. Real measurements also have
several sources of errors, such as potential ground loops, parasitic capacitances,
in-air leakage, and measurement errors.

The most interesting result from Fig. 5 is the ”sweet-spot” for the frequency,
even in a rather limited range of 2-50MHz. In the figure, the path-loss is min-
imum around 25MHz and increases on both sides. The analytical model for
magnetic resonance propagation through the air cannot explain such behavior.
We believe that this is partly a result of frequency-dependent permittivity and
conductivity as illustrated in Table 2. The frequency at which the minimum
occurs depends on several parameters as discussed later, and should not be
construed as fixed. Even more significantly, the actual values of path-loss very
much depend on the Q-factor of the coils. In Fig. 5, the Q-factor is quite high
(210 at 25 MHz), which would lead very sharp resonance peak. Maintaining
this peak may be somewhat challenging in the face of short-term fluctuations.
If we bring Q down to a more manageable value, the path-loss would increase.
Another issue is that the Q-factor will change with frequency because of prac-
tical difficulties in maintaining the same L/C ratio. However, the experiments
do suggest that the behavior remains intact.

4.3. Further Simulation-Based Characterization of MRC

Given the accuracy of the above simulation results, it is possible to conduct
additional investigation into MRC using Sim4Life that wouldn’t be possible with
human subjects. One important aspect here is the potential difference between
in-body vs. on-body placement of the antenna. Fig. 6a shows the comparison
of in-body vs. on-body results. For the in-body, the coils were placed in the
same spot but under the skin. (No shielding is required since the propagation
through the air is not modeled). It is seen that the difference between on-body
and in-body scenarios is rather small, with on-body showing a slightly higher
path-loss as one might expect.

We further studied the behavior of MRC with frequency when the number
of turns of the coil is changed. Fig. 6b shows the behavior of the 20mm coil
for 3, 5, and 7 turns. In terms of relative path-loss, the results are as expected
– the path-loss decreases with the number of turns. However, there is a slight
shift to the left with an increasing number of turns. This behavior has been
reported in [65] and is again not expected in a homogeneous media like air.

Given the ”sweet-spot” behavior of path-loss vs. frequency, we decided to
examine optimal frequency as a function of coil size for MRC. The result is
shown in Fig. 6c. It is seen that there is a consistent decrease in optimal
frequency as the coil size increases. Please note that these results were obtained
by trial-and-error, since there is no equation to indicate the optimal operating
point; therefore, the results are approximate. Further approximation errors can
be expected due to variation in the Q-factor. To keep the same Q-factor, the
ratio of L to C would need to be maintained the same; however, this is difficult
to do as explained in section 3.1.
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(a) (b) (c)

Fig. 6: (a) MRC simulation result for in-body and on-body cases (b) Simulated path-loss vs.
frequency for different # of turns in coil (c) Optimal frequency of operation vs. coil

diameter for 7-turn coil

Our exploration suggests that the signal propagation behavior through the
human body is quite different than in a homogeneous nonconducting media
like air. The results are also markedly different from are often observed with
idealized modeling of the body with average dielectric parameters or by consid-
ering tissues of only one type. Our results are, however, consistent with those
reported in [65] and [66].

5. Modeling Attenuation with Multiple Receivers

Fig. 7: MR receiver
placements

As stated in the introduction, a long-lasting intrabody
network should avoid batteries because of the highly in-
vasive procedures needed to change them. Instead, we as-
sume that all intrabody nodes in the network will have a
small supercapacitor to store energy, and a mechanism to
charge it regularly through an on-body device like a smart
watch. The extremely heterogeneous nature of body me-
dia implies that it is not possible to make the wireless link
between two nodes largely directional, even with a direc-
tional antenna. Instead, any energy or message transfer
will be received by all of the nodes in the network, al-
though clearly the path-loss would vary. It is thus crucial
to study what happens to path-loss in the case of single-
transmitter and multiple receivers. In the body media, multiple receivers inter-
act for two reasons: (a) Body has significant conductivity, which means that the
induced current in each receiver coil amounts, to an extent, an energy draw, that
depletes it for other receivers, and (b) The receive coil locations are not only
limited to the rather small area of the body but the sensors related to a specific
chronic diseases are generally clustered around a small area, thereby having sub-
stantial mutual coupling. The highly heterogeneous body media environment
further complicates the picture.

5.1. Multi-Receiver Path-Loss Data Collection

Given the complexities of a multi-receiver environment, we took the approach
of conducting a series of multi-receiver experiments on volunteers and then build
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an then build an empirical model of path-loss. Conducting these experiments
poses practical problems in terms of the number of simultaneous receive coils
that we can prepare and place on the volunteer’s body and run wires to the
network analyzer to collect the data. We created 30 experimental configurations
with 8 different positions on the body for the receivers with the transmitter
on the wrist. Up to 4 of these 8 locations had a receiver present in these
configurations. We henceforth denote the ith receiver location as Rxi. All the
experiments are done with a 13.56 MHz frequency.

The locations of the receivers in the first set are on chest, left side of the
waist (LW), left calf (LC), right thigh (RT), and the receivers in the second set
are on placed on right arm (RA), left thigh (LT), right calf (RC) and torso as
shown in Fig. 7. The results can be seen in Table 4. The path-loss seem to be
related to the on the body distance of the receiver from the transmitter, the
distance to the other receivers, the number of receivers, and the location of the
other receivers relative to each other, i.e. if receiver A is “behind” the receiver
B, then there is a shadowing effect for receiver A. Another observation is that
the total path-loss seems not to change much for different cases, especially in
the case of multiple receivers.

5.2. Intra-body Path-Loss Model

In order to develop energy delivery strategies for intrabody networks, it
is important to create a simple model of path-loss as a function of receiver
locations and the number of receivers. Given a specific receiver setup (e.g.,
single receiver, pair of receivers, etc.), the total path-loss for each receiver i
consists of two components:

1. A base path-loss Lbase(i) in dB that depends on di, the in-body distance
from the transmitter to the receiver i.

2. Additional loss in dB from interactions of receiver i with other active
receivers (if any). We denote the interaction path-loss due to receiver j as
Lint(i, j).

We adopted this specific functional form to balance physical realism against
computational tractability for network optimization. The base path-loss Lbase(i)
follows the familiar power law relationship (αdλi + β) commonly used in wire-
less communication models, which captures the fundamental distance-dependent
attenuation through body tissues with parameters that can be empirically de-
termined. For the interaction component, we made the simplifying assumption
that interaction effects from multiple receivers add up, a reasonable approxi-
mation given that our experimental data showed the total path-loss remains
relatively stable across different receiver configurations. Each pairwise interac-
tion Lint(i, j) is also modeled as a power law (γd′(i, j)κ) over the inter-receiver
distance, maintaining consistency with the distance-decay principle while al-
lowing the interaction strength to be empirically calibrated. This additive de-
composition allows us to separately optimize the spatial placement of receivers
(through Lbase) and account for their mutual coupling (through

∑
Lint), while
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Table 4: Path-Loss Measurements for Different Receiver Combinations

Configuration Receiver Position P1 P2 P3 P4 Ptot

Rx1 Chest -17.43 – – – -17.43
Rx2 Left side of the waist – -19.41 – – -19.41
Rx3 Left Calf – – -19.41 – -19.41
Rx4 Right Thigh – – – -19.34 -19.34
Rx1 +Rx2 Chest + LW -18.80 -21.03 – – -16.76
Rx1 +Rx3 Chest + LC -18.27 – -24.12 – -17.26
Rx1 +Rx4 Chest + RT -19.02 – – -24.42 -17.91
Rx2 +Rx3 LW + LC – -19.90 -23.31 – -18.26
Rx2 +Rx4 RT + LW – -19.45 – -22.74 -17.78
Rx3 +Rx4 RT + LC – – -21.67 -20.35 -17.94
Rx1 +Rx2 +Rx3 Chest + LW + LC -20.10 -22.63 -26.97 – -17.63
Rx1 +Rx2 +Rx4 Chest + LW + RC -21.04 -23.74 – -22.27 -17.44
Rx1 +Rx3 +Rx4 LW + RT + LC -20.81 – -24.54 -23.62 -17.91
Rx2 +Rx3 +Rx4 Chest + LW + RT – -20.27 -26.74 -24.49 -18.21
Rx1 +Rx2 +Rx3 +Rx4 Chest + LW + RT + LC -21.65 -22.45 -27.32 -26.45 -17.78
Configuration Receiver Position P5 P6 P7 P8 Ptot

Rx5 Torso -17.91 – – – -17.91
Rx6 Right Arm – -18.53 – – -18.53
Rx7 Left Thigh – – -19.47 – -19.47
Rx8 Right Calf – – – -20.38 -20.38
Rx5 +Rx6 Torso + RA -19.43 -21.18 – – -17.21
Rx5 +Rx7 Torso + LT -18.98 – -22.59 – -17.41
Rx5 +Rx8 Torso + RC -18.76 – – -24.55 -17.74
Rx6 +Rx7 RA + LT – -19.79 -21.27 – -17.46
Rx6 +Rx8 RA + RC – -19.45 – -22.64 -17.75
Rx7 +Rx8 LT + RC – – -20.58 -21.77 -18.12
Rx5 +Rx6 +Rx7 Torso + RA + LT -20.81 -22.63 -23.97 – -17.50
Rx5 +Rx6 +Rx8 Torso + RA + RC -20.86 -22.91 – -25.29 -17.88
Rx5 +Rx7 +Rx8 Torso + LT + RC -20.93 – -23.54 -26.62 -18.33
Rx6 +Rx7 +Rx8 LT + RC + RA – -21.23 -22.73 -24.73 -17.90
Rx5 +Rx6 +Rx7 +Rx8 Torso + RC + RA + LT -21.63 -23.11 -24.51 -29.05 -17.81

keeping the overall model linear in its parameters for efficient regression-based
parameter estimation from our experimental data.

Note that both di and d′(i, j) must be computed in the context of 3D body
with a rather irregular shape. We do this by discretizing the body into a grid
and finding the distance in terms of the path between two receivers (Note that
the function is symmetric with respect to receivers i and j).

Thus, for any receiver i, the total path-loss is:

Ltotal(i) = Lbase(i) +
∑
j ̸=i

Lint(i, j)

Lbase(i) = αdλi + β

Lint(i, j) = γd′(i, j)κ

(7)

We then obtain the values of parameters α, β, λ, γ, κ using a regression model
over the available data. This yields a simple performance model for path-loss
(in dB) as a function of the number of receivers and their locations. We next
study the performance of this model.
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5.3. Path-Loss Model Performance

The model performance was evaluated through 10-fold cross-validation (Ta-
ble 5). For each fold, we computed the average absolute error by first calculating
individual prediction errors for each receiver’s path-loss, then averaging across
all receivers. The model demonstrated robust predictive capability, maintain-
ing both training and testing errors below 2 dB across all folds. In the best-
performing fold, the maximum errors were 2.85 dB for training and 1.57 dB for
validation.

Table 5: 10-Fold Cross-Validation Results

1 2 3 4 5 6 7 8 9 10
Train. Error (dB) 1.043 1.079 1.084 1.089 1.136 1.099 1.050 1.050 1.044 1.076
Valid. Error (dB) 1.359 1.089 0.986 1.007 0.415 0.850 1.309 1.351 1.288 1.184
Summary Statistics:
Mean Training Error: 1.075± 0.028 dB, Max Training Error (Best fold): 2.85 dB
Mean Validation Error: 1.084± 0.290 dB, Max Validation Error (Best fold): 1.57 dB

The main use of this model is to determine a strategy for deciding which
intrabody nodes should connect to receive energy when the energy is being
transmitted by the energy supplier node (e.g., a smartwatch). Because of the
reduction in energy availability for a receiver when other nodes also receive it,
it is not always a good idea for all receivers to try to receive it simultaneously,
as we have shown in [14].

6. Retuning Single Transmitter-Receiver Pair

In this section, we focus on the problem of retuning of a single transmitter-
receiver pair that is initially operating at peak efficiency. The retuning problem
in the context of the entire CDMN is discussed in section 7.

6.1. Proposed Retuning Scheme

The problem of detuning of resonant transceiver pair due to various impacts
has been well recognized (see related work in section 2.5), but studied largely
in the context of wireless power transfer (WPT) in the air media. However, our
solution must cater to several aspects: (a) need to consider intrabody context
where simplicity, size, lack of manual access, and need for very low power con-
sumption are crucial, (b) a network as opposed to a single transceiver pair, (c)
integrated WPT and communication environment.

6.2. Basic Control Issues

We model the disturbance in the transmission as a perturbation in the ca-
pacitance of the transmitter and/or the receiver. According to Eq. 6, mitigating
such perturbations means controlling the Q-factor and the resonance frequency
(and hence the coupling factor). The control of the capacitance can be easily
swapped with that of the inductance; however, a change in inductance is gen-
erally more difficult to implement. Controlling the resistor also would not be a
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viable option since with resistor control, we can only manage the Q-factor, not
the resonant frequency. Capacitance is selected because of its ability to affect
both objectives: achieving a high Q-factor and resonance. For controller design,
we exploit the fact that the current in NR circuit goes down whenever the two
circuits do not resonate, as seen in Fig. 2. Hence, the key part of the controller
is to find out which side of the resonance curve we are on using the received
current. The controller is tasked with changing the variable controller to achieve
resonance. Fig. 8 shows a single energy transmit and receive node pair, denoted
as NT and NR respectively. We assume a bidirectional communication path and
hence the data can flow from NR to NT and back.

Fig. 8: System Il-
lustration

One important issue in controller design is whether the
control algorithm should run on only one side (i.e., at the
transmitter or receiver) or on both sides. Since a one-sided
retuning is simpler and would be more energy efficient, we
implemented a controller on NT side to manage perturba-
tions on both NT and NR sides and discussed the results in
section 6.5.2.

Another issue is the amount of capacitance change applied
by the controller in each step. The simplest approach uses a
fixed step-size (FS) in changing the capacitance to achieve
resonance. This can be very slow and possibly oscillatory, but computationally
efficient. However, since system drift can vary significantly, an adaptive step-
size (AS) strategy can be more effective. This approach enables the controller to
take larger steps when errors are large and smaller steps when errors are small.
To maintain simplicity while preserving adaptability, we limit the controller to
three predetermined step sizes rather than allowing arbitrary adjustment. We
discussed the results in section 6.5.3.

6.3. Design of the controller algorithm

Let t = 1, 2, ... denote the time instants when the samples are taken. Let Ct

and It denote the capacitance and the receiver current at time t, respectively. We
then construct a truth table for the controller’s behavior based on the following
equations:

δ = Sign(Ct − Ct−1), ∆I = Sign(It − It−1) (8)

Where Sign() is the sign function. The first equation in 8 describes the direction
of capacitance change between t and t− 1. Similarly, the second equation in 8
describes the direction of current change. Note that the controller acts at time t
(the output of the algorithm is Ct+1) by tracking the auxiliary states described
in the above equations. We should mention that by Ct, we mean the variable
capacitance value, which is not affected by the drifting, and only changed by
controller actions.

Our control algorithm is described in Alg. 1 and it generalizes the control
algorithm described in [60]. The parameters used by the Alg. 1 are listed in
Table 5. It is important to note that we recognize the error et only when the
induced receiver current It is less than the reference value Iref . This can be
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termed as Rectified Error Measure and is the essential difference from the
single-link retuning controller described in our earlier work [60]. In that work
we used the Absolute Error Measure, i.e., et = |It − Iref |. For the single
link case discussed in this section, both rectified and absolute versions work
almost the same; however, this simple change has profound consequences for
the network-wide retuning discussed in section 7.

Symbol Name Description
It Current Induced current at time t
Ct Capacitance Capacitance at time t
δ Capacitance change direc-

tion
Sign(Ct − Ct−1)

∆I Current change direction Sign(It − It−1)
α Control direction The direction of adjustment to increase current
∆ Step-size Basic step size for changing the capacitance to

achieve resonance
ϵ Activation threshold Tolerance of the controller

W ′ Weight Used to weight the first control signal of the
controller

W Initialization weight Used to shrink the control signals after the ini-
tialization

γ Control scaler Used to increase the step sizes according to the
size of the error et

t′ Controller time counter Time counter that starts when the controller
starts and ends with the controller’s turn ends

T Turn duration Maximum number of controller steps
ϵ′ and ϵ′′ Moderate and large error

thresholds
Error thresholds that control how strongly the
system reacts as the error et gets larger

Table 5: Controller parameters

Alg. 1: Adaptive Step Controller Pseudocode

Observations: It, Ct

Parameters: W ′; W ; ϵ; ∆; α; γ; t′; ϵ′; ϵ′′; T
Output: Ct+1

Algorithm:
If NOT Controller’s Turn Then Ct+1 ← Ct, t′ = 0
Else { Measure It(Ct), compute et = max(0, Iref − It)

If et < ϵ Then Ct+1 ← Ct

Else {
if t′ = 0 (First round) Then Initialization

Ct+1 ← Ct +W ′∆
Else {compute δ, ∆I

α←Table Look-up(δ,∆I)

if ϵ ≤ et < ϵ′ Then Ct+1 ← Ct+(W )t
′ ·α·∆

Else {
If ϵ′ ≤ et < ϵ′′ Then

Ct+1 ← Ct + γ(W )t
′ · α ·∆

Else Ct+1 ← Ct + γ2(W )t
′ · α ·∆

t′ = t′ + 1
If t′ ≥ T Then Controller’s Turn=False

}}}}

The controller operates
in discrete intervals, called
turns, where it activates,
observes the system state,
potentially generates a con-
trol signal, and then deac-
tivates until the next turn.
Each turn consists of up to
T time steps, with the con-
troller time counter t′ start-
ing from 0 and increment-
ing by 1 at each step until
the turn ends. In each turn,
the controller measures the
receiver current, computes
the error et, and uses it to
decide on the control ac-
tion. On the first control
step (t′ = 0), it implements
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an initial fixed increase (W ′∆) to the capacitance. In subsequent steps, the
controller determines the adjustment direction α using Table 6 based on the
signs of recent changes in capacitance (δ) and current (∆I).

Table 6: Capacitance Change Direction as a
function of (δ,∆I)

δ +1 +1 -1 -1 -1 -1 +1 +1
∆I +1 +1 -1 -1 +1 +1 -1 -1

α +1 +1 +1 +1 -1 -1 -1 -1

The controller then adjusts the ca-
pacitance by a step size that scales
with the control step: (W )t

′
∆ for

moderate errors, or γ(W )t
′
∆ and

γ2(W )t
′
∆ for larger errors. This ap-

proach systematically moves toward
maximizing current and consequently efficiency, until convergence to an ϵ-
optimal current is achieved. Since current exhibits unimodal behavior as a
function of frequency (as shown in Fig. 2), convergence is guaranteed given
sufficiently small step sizes.

6.4. Hyperparameters of Control Algorithm

The key hyperparameters of the controller are: activation threshold ϵ, con-
trol scaler γ, weight W , and step size ∆. The activation threshold acts as the
convergence criterion: a low activation threshold makes the controller more sen-
sitive to current loss and hence the controller operates more frequently. A high
activation threshold makes the controller less responsive to current deviations,
potentially missing opportunities for optimization. The selection of this param-
eter is directly related to the size and form of the perturbation: selecting a small
value could lead to reacting to all fluctuations caused by bodily functions during
the control interval; selecting a large value could lead to degraded performance,
with the controller failing to detect actual problems. Step size determines the
magnitude of capacitance change at each time step: too large values make the
controller oscillatory and unstable, while too small values result in slow con-
vergence with minimal tuning effectiveness. Control scaler is used to further
adjust the stepping behavior by scaling the step size up or down based on sys-
tem requirements. Weight defines how the step size decreases over successive
iterations, implementing a form of adaptive control that helps converge to the
optimal values while reducing oscillations as the system approaches equilibrium.
Implicitly, the number of steps a controller is allowed to enforce in each turn
and the duration of each controller turn are also very important in determining
how fast the controller is. That is why for simulations we chose 10 steps per
turn, and a 1s period.

Our proposed controller has no exact matching design, but its design borrows
from well-known control algorithms. The control drive is closest to Proportional-
Derivative (PD) controllers, as its control signal is proportional to the error
between measured and reference current, and uses a simple finite difference
method to approximate the derivative (since our observations are discrete cur-
rent measurements) to determine the direction of capacitance adjustment[67].
The weighting mechanism follows adaptive learning rate methods commonly
used in gradient-based algorithms[68], while the adaptive step sizing employs a
switching control scheme that changes step magnitude based on error thresholds[69].
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Essentially, we expect the controller on each side to be able to mirror the dis-
turbances on their respective sides and hence, by reversing the disturbance,
diminish their effect.

6.5. Retuning a Transmitter-Receiver Pair

6.5.1. Step vs. Ramp Perturbation and Simulation Setting

Fig. 9: Capacitance Perturbations

We investigated two types of perturba-
tions. The first type is Step or glitch, where a
5% change in capacitance happens suddenly
but lasts for a short period, following which
the capacitance is back to the original value.
The second type is a rapid drift or Ramp
where the capacitance increases linearly until
it reaches 5% and then it stays there. For one-
sided retuning, we assume only the step per-
turbation happens on the receiver side. For
the one-sided retuning, we consider a partic-
ularly challenging case where we assume that (a) the actual change is a com-
bination of the two types, henceforth referred to as Ramp+Step, and (b) the
perturbation happens on both transmit and receive sides with a time offset be-
tween them. This is shown in Fig. 9. We note that the 5% change is quite large,
and chosen merely to illustrate that the controller does work well even for large
changes.

The evaluation was done using simulations in Python, where we simulated
the steady state conditions, which, considering an appropriate sampling time, is
an appropriate assumption. For the sake of the simulations, we used two vari-
able capacitors in parallel with the initial value of 0.5C. The capacitance of one
of these capacitors is changed according to the perturbation (Drifting Capaci-
tance), and the other one’s capacitance changes with the control signal (Control
Capacitance). The controller should behave in such a way that the summation
of DC and CC would get closer and closer to C, and hence the resonance would
be possible. In all the simulations, activation threshold ϵ and step size ∆ are
set as 1e−6A and 2e−14F for the fixed step controller. For the adaptive step
controller, these parameters are set as 1e−6A and {5e−15, 2e−14, 8e−14}F , re-
spectively (γ = 4). For both the controllers, W and W ′ are set as 0.9 and 1,
respectively. Also ϵ′ and ϵ′′ are set to 1e− 5 and 1e− 4. The circuit parameters
are set initially as shown in Fig. 3, and the voltage source is set to 1 Volt with
the frequency of 13.56 MHz.

6.5.2. One-Sided Retuner

We start by one-sided retuning: the controller resides onNT , but the 5% step
perturbation is on NR. Table 7 shows the performance of one-sided retuning
by three quantities: Iout, induced current (in mA) on the receive side, Pout, the
output power (in mW) on the receive side, and transmission efficiency. It is seen
that the controller is not very effective – the transmission efficiency drops quite a
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bit (from 50% to 36.3%) after perturbation, but before control action; however,
the controller action recovers only 1.1% of it. The last row in Table 7 shows the
best case scenario for the controller, i.e., the ability of a hand-crafted (rather
than automated) controller. Clearly, hand-crafting hardly makes a difference,
meaning that the problem does not lie in the control action per se, but in the
handicap of one-sided retuning.

Table 7: Performance with receive side perturbation and transmit side control

Case Iout(mA) Pout(mW) Eff.
Original unperturbed value 9.99 4.99 50.0%
5% change, Before control action 9.35 4.37 36.3%
5% change, After control 9.75 4.74 37.4%
5% change, Maximum achievable 9.76 4.77 37.5%

6.5.3. Two-Sided Retuner

Because of the deficiency of one-sided retuning shown in Table 7, we hence-
forth consider only 2-sided control. With two concurrent controllers, each of
them acts according to three data flows it receives: current and action at time t
and t− 1. For NR, it is a matter of recording the data it has already observed,
and for NT , this data is received from NR. Both NR and NT then use Alg.1
according to their turns to calculate the steps they need to take. The two con-
trollers avoid mutual interference between them by giving each a time slot for
its turn.

Ramp+Step: This scenario implements the ramp scenario with an ad-
ditional 5% short-term step occurring once on NT and once on NR, and the
performance of FS and AS controllers can be seen in Fig. 10. Both controllers
achieved over 49% efficiency, recovered over 99% of the maximum power, and
settled within 0.9% of the desired capacitance. Comparing the capacitance tra-
jectory and efficiency of FS in Figs. 10a and 10b with AS in Figs. 10d and 10e,
the behavior of FS is more erratic (and slower in some cases) due to its de-
pendence on a single step size. AS, on the other hand, is more stable and
faster in response. Fig. 11 shows how the control capacitance tries to mirror the
trajectory of the perturbed capacitance of the receiver.

24



(a) Capacitance Trajectory (b) Efficiency (c) Received Power

(d) Capacitance Trajectory (e) Efficiency (f) Received Power

Fig. 10: Performance of Controllers in Ramp+Step Scenario: Up) Fixed Step; Down)
Adaptive Step

The proposed Adaptive Step (AS) controller performs better than the Fixed
Step (FS) controller since it has more freedom in choosing how aggressively it
can behave. The sharp drops observed in efficiency and power occur because
the perturbation caused by the step disturbance pushes the circuit off resonance
sharply. However, the controller can bring it back to a near-optimal state. It can
also be noted that such drops are not experienced during the ramp disturbance,
as the mechanism can compensate for slow changes.

Fig. 11: NR Capacitance Behav-
ior in Ramp+Step

The controller can balance the capacitors very
quickly. The convergence speed depends mainly
on the step size, controller timing, and indirectly
on the activation threshold ϵ. However, speed acts
as an adversary to the energy efficiency of the
controller, and this trade-off should be studied
before implementation.

One interesting observation about the differ-
ence between Fixed and Adaptive controllers is
their behavior in finding the capacitance value corresponding to maximum power
transfer. The Fixed controller behaves erratically even after reaching the op-
timal value and, as a result, may not converge. This occurs because the fixed
step size may cause the controller to overshoot the optimal value, leading both
controllers to oscillate around a target that is not reachable with that step size.
In contrast, the Adaptive controller can adjust its step size, allowing it to settle
at a near-optimal value.
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7. Network-wide Retuning

We now focus on the retuning problem in the network setting for a cluster-
based network architecture shown in Fig. 1. We propose two methods to address
the detuning: (a) a table-driven two-sided retuning appropriate for correlated
detuning within a cluster, and (b) a more general but one-sided retuning.

7.1. Table Driven Resonance Frequency Switching

When detuning afflicts CDMN, it is reasonable to expect a similar drift-
ing pattern, both in direction and magnitude, across the entire cluster, likely
all clusters. This is because the environmental, mechanical, and physiologi-
cal factors affect clustered nodes uniformly due to their proximity. The primary
challenge with link-by-link tuning approaches is their potential to introduce sys-
tem instability when components are adjusted individually. To address this, we
propose adaptive tuning strategies that operate during successive time periods,
with controllers activating sequentially within designated time slots.

In this approach, network hubs maintain lookup tables containing optimal
resonance frequencies for each connected sensor. Instead of trying to correct the
resonance frequency of sensors to match the hub, hubs dynamically switch their
own frequencies to match transmitter-side communications, thereby minimiz-
ing signal loss. The adaptive local scheduling reduces the overhead of frequency
transitions. However, this method has limitations within current network hierar-
chies where hubs transmit simultaneously to multiple sensors. The effectiveness
of resonance frequency switching depends heavily on cluster optimization strate-
gies. When nodes are densely packed, uniform drifting patterns may maintain
consistent optimal frequencies across the cluster. However, this approach might
not be energy-efficient, since the hub needs to estimate the optimal frequency
of the sensors in a very small period of communication.

7.2. One-Sided Network Retuning

Since the OBN is positioned externally on the body surface and is relatively
energy rich, it is possible to use an automated capacitive adjustment (using
voltage voltage-controlled capacitor) so that it always maintains its resonance
frequency at the design value (e.g., 13.56MHz). This creates a stable frequency
reference and thus allows other nodes to autonomously tune themselves to the
same frequency and maintain resonance. That is, a one-sided retuning at each
sensor/hub node is now adequate. We assume that the retuning work during
the energy transfer periods, which have relatively long durations to allow for
convergence. However, such a design faces one challenge: The coupling between
various receivers due to the complex body media. Consequently, retuning must
operate sequentially rather than simultaneously to avoid interference.

Fig. 12 presents a cartoon depicting the control sequence following a drift
event under the rectified error measure. We use a color gradient from yellow
(lowest current) to dark green (highest current) to indicate receiver current
levels. When R1 drifts (yellow), R2 and R3 receive higher currents (dark green)
through redistribution. Since the absolute error function only activates when
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the current is below the reference, R2 and R3 controllers remain inactive and
pass without adjustment. Eventually, R1 corrects itself, resulting in all receivers
properly tuned.

Fig. 12: Effect of Rectified Error Measure

In the following, we study this case for the case of four receivers, with iden-
tical circuit parameters and coupling factors as in the previous subsection, to
establish a controlled baseline for evaluating the proposed control strategy. We
model disturbances as a 5% capacitance increase as a saturated ramp starting
for receivers 1 to 4 at 5s, 30s, 55s, and 80s and reaching the 5% after 20s,
simulating short-term drift scenarios that might occur due to environmental
factors or tissue movement in biomedical applications. With aging-related very
slow drifts, the shown undulations will be far smaller and thus not interesting.
Each controller acts for 10 seconds, corresponding to 10 control actions, with a
minimum step size of 0.004 pF (or 0.027% of the capacitance of 14.86pF) and
the control scaler of 5. The sequential timing ensures that only one controller
operates at any given time, preventing the interference issues identified with
simultaneous control.

7.3. Performance of Rectified Error Retuning

Fig. 13 demonstrates the capacitance trajectory, received power, and effi-
ciency for each receiver. Fig. 13a describes the capacitance trajectories and
reveals the key behavior of the rectified error retuning: controller 1 is the only
controller that reacts to the receiver 1 perturbation at t = 5s, since the other
receivers experience a higher than reference current due to energy redistribution
from the detuned receiver. When perturbation 2 starts on receiver 2 at t = 30s,
its current decreases below the reference threshold, activating its controller, and
so on for the remaining controllers at subsequent intervals. The flat plateaus
in the capacitance trajectories correspond to periods when these receivers are
inactive since their currents increase due to the corrective actions of other active
controllers, keeping them above the activation threshold.

Fig. 13b shows the efficiency improvement achieved by each retuner dur-
ing its active periods. The step-wise recovery pattern demonstrates successful
perturbation correction, with each receiver returning to near-optimal efficiency
levels after its activation. Notably, the efficiency profiles show minimal interfer-
ence between controllers, validating the control approach.

27



Fig. 13c illustrates the power redistribution dynamics inherent to coupled
wireless power transfer systems. As one receiver becomes detuned, the received
power increases in the remaining receivers due to the reduced loading effect of
the perturbed receiver. This power redistribution is a natural consequence of
the electromagnetic coupling and explains why unperturbed receivers experience
higher than reference currents, appropriately deactivating their controllers under
the rectified linear activation condition.

(a) Capacitance Trajectory (b) Efficiency (c) Received Power

Fig. 13: Performance of Control Algorithm

By deactivating the retuners on circuits experiencing increased current, the
rectified error retuner for a receiver prevents interference from retuners on other
receivers that should remain inactive. This approach recognizes that temporary
current increases in unperturbed receivers are beneficial system responses that
should not be counteracted. The rectified error retuner thus provides a more
dead zone that respects the natural coupling dynamics of the wireless power
transfer network.

7.4. Performance of Absolute Error Retuning

In this section, we experimentally show why defining et = |It − Iref | does
not work in the network context. When a receiver becomes detuned, its current
decreases while the received currents of the remaining receivers increase due to
the redistributed energy in the coupled network. The fundamental issue with
the error function is that it triggers controllers on both sides of the reference
point: circuits with currents below the reference current (which need tuning)
and circuits with currents above the reference current (which are temporarily
benefiting from other circuits’ detuning). This creates a problematic feedback
loop where multiple controllers attempt simultaneous corrections. This problem
is depicted in Fig. 12: When R1 drifts, R2 and R3 similarly receive higher
currents. However, R2’s controller now activates because any deviation from
the reference is treated as an error. R2 detunes itself to reduce current back
to reference, improving R1 but causing R3 to receive excess current. R3 then
detunes itself to correct its elevated current. This cascade results in all receivers
being detuned despite the system’s natural beneficial current redistribution.
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Fig. 14: Effect of Absolute Error Measure

This is demonstrated by the results in Fig. 15. As shown in Fig.15a, the
capacitance trajectories exhibit persistent oscillations rather than convergence.
The controllers on receivers experience increased current, actively work against
the natural energy redistribution, creating conflicting control actions that pre-
vent system stabilization. Furthermore, Fig.15b shows that efficiency contin-
uously fluctuates without reaching steady-state values, indicating the system’s
inability to find an equilibrium point. While the control scheme can still achieve
stability with proper hyperparameter selection, it remains prone to instability.

(a) Capacitance Trajectory (b) Efficiency (c) Received Power

Fig. 15: Absolute Error Measure

The energy transfer in a multi-receiver network can be modeled as a com-
petitive game where each receiver seeks to maximize its own power extraction.
The error function |It−Iref | maintains this competitive dynamic, as controllers
continuously attempt to reach their individual reference currents regardless of
system-wide effects. In contrast, the rectified error measure max(0, Iref − It)
transforms this into a cooperative framework, where receivers cease active con-
trol once they achieve their minimum required current, thereby allowing excess
energy to benefit other nodes in the network.

8. Conclusions and Discussions

In conclusion, this paper presents a comprehensive characterization of mag-
netic resonance coupling (MRC) based TTB communications in the context of
chronic disease management networks (CDMN). We have demonstrated that
MRC propagation through the human body exhibits fundamentally different
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characteristics compared to air media, revealing counterintuitive behaviors in-
cluding frequency-dependent ”sweet spots”, slow signal attenuation as a func-
tion of distance, and insensitivity to relative orientations of transmit and receive
antennas. These characteristics deviate substantially from classical near-field
predictions. We characterized and modeled the broadcast channel behavior
with multiple simultaneous receivers, developing an empirical path-loss model
that achieves prediction accuracy within 1 dB and enables systematic energy de-
livery strategies for battery-less implanted networks. Our retuning mechanism
with adaptive step sizing successfully maintains near-optimal efficiency under
substantial perturbations in both single-link and network-wide retuning. The
presented framework addresses some of the real-world deployment challenges for
long-term intrabody medical devices, ensuring sustained performance over the
patient’s lifetime without requiring invasive maintenance procedures.

In the single transmitter-receiver case, the main assumption is that the ob-
servable state for both controllers is the received current. That is, the controller
schedule includes the communication back from NR to NT , which is a reason-
able assumption since the control is necessary only when there is communication
happening. In this setting, it is reasonable to assume that the controllers on
NR and NT are working on the same clock. However, since there is a scheduled
communication and controller operation, the controllers are always working ac-
cording to the schedule and each other; hence, this assumption can be easily
removed. An extension to our controller could be a hyper-parameter tuning
scheme inside the control loop targeting the control scaler γ according to how
much improvement is obtained after each action. Implementing such a retuning
scheme could potentially improve the controller’s performance when encounter-
ing severe disturbances. It is also possible to replace the adaptive step scheme
with a continuous function that relates the current deviation to the base step
size, directly scaling the steps and totally removing the need for the control
scaler; however, with additional overhead. Also, it should be mentioned that
Alg. 1 is a three-step controller; it could easily use more or fewer steps. In the
context of intrabody energy transfer, severe perturbations are not expected, and
more than 3 steps would be an overkill.

The one-sided network retuning approach demonstrates effectiveness because
nodes achieve maximum efficiency only when tuned to optimal frequencies, cre-
ating a clear performance incentive for maintaining proper resonance. The
sequential control strategy prevents the interference issues observed with si-
multaneous operation while allowing each receiver to respond appropriately to
network-wide perturbations. Since the control is implemented only on the re-
ceivers participating in energy transfer, we can enhance this strategy by seg-
menting the energy transfer interval into multiple shorter periods, increasing
communication opportunities between nodes, and expanding network coverage
across the entire system.

The primary coverage challenge occurs when clustered nodes experience fre-
quency drift, but subsequent energy transfer targets only some of the nodes.
This creates problematic frequency mismatches between the tuned and untuned
nodes within the same cluster. One possible solution involves intelligently parti-
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tioning energy transfer duration to include dedicated communication and tuning
phases with all of the nodes, ensuring comprehensive tuning coverage through-
out the network topology. However, the trade-off would be the reduced energy
transfer efficiency.

It should be emphasized that there is little reason to run the controller
during every energy transfer cycle. Instead, sporadic activation provides suffi-
cient drift correction while minimizing system computational overhead, energy
consumption, and potential interference with normal network operations. This
selective activation strategy balances performance optimization with practical
implementation constraints in resource-limited biomedical devices.

As mentioned, the controllers on the nodes are able to converge and stabilize
the capacitance values close to that of the OBN, effectively retuning each node
to match the OBN’s impedance. Once retuning is complete, the nodes can begin
communication. The maximum observed post-convergence deviation from the
OBN capacitance was 0.8%. In the worst-case scenario with two nodes, this
results in a total mismatch of up to 1.6% (relative to the original capacitance).
Such a small difference has minimal impact on efficiency (about 3% decrease)
and is considered acceptable.

While our experimental work relies primarily on on-body measurements and
simulations, and our physiological disturbance modeling makes simplifying as-
sumptions about circuit parameter variations, this work provides essential foun-
dations for practical intrabody communication networks that can operate reli-
ably throughout a patient’s lifetime, moving the field significantly closer to real-
izing permanent, maintenance-free implanted medical device networks capable
of addressing the growing global burden of chronic diseases.
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