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ABSTRACT

Implantable and edible medical devices promise to provide
continuous, directed, and comfortable healthcare treatments.
Communicating with such devices and localizing them is a
fundamental, but challenging, mobile networking problem.
Recent work has focused on leveraging near field magnetism-
based systems to avoid the challenges of attenuation, re-
fraction, and reflection experienced by radio waves. How-
ever, these systems suffer from limited range, and require
fingerprinting-based localization techniques. We present In-
nerCompass, a magnetic backscatter system for in-body com-
munication and localization. InnerCompass relies on new
magnetism-native design insights that enhance the range
of these devices. We design the first analytical model for
magnetic-field-based localization, that generalizes across
different scenarios. We’ve implemented InnerCompass and
evaluated it in porcine tissue. Our results show that Inner-
Compass can communicate at 5 Kbps at a distance of 25 cm,
and localize with an accuracy of 5 mm.
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Figure 1: Overall structure of InnerCompass. We use
multiple coils from different directions to localize and
communicate with a tag inside the patient’s body.
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1 INTRODUCTION

In-body devices promise to transform modern medicine.
These devices can be used for capsule endoscopy [6, 14], can-
cer radiation therapy [12, 18, 24], targeted drug delivery [15],
and robot-driven abdominal insulin delivery [13, 37, 39]. As
applications for such devices grow, there is wide interest in
identifying optimal designs to communicate with such de-
vices and to locate such devices inside the body. Traditional
forms of communication such as Wi-Fi are too power-hungry
for small in-body devices. Similarly, traditional forms of po-
sitioning such as X-rays, MRIs, and Ultrasound are either
too cumbersome, expensive, or harmful to humans.

In general, any communication and localization techniques
for such devices must meet the following constraints:

e Size: These devices must be small in size (centimeter-
scale), so that they can be swallowed or implanted eas-
ily. Therefore, in-body communication systems cannot
rely on large antennas.

e Safety: They should be safe for prolonged human use
(unlike X-rays, for example).

e Low Power: In-body devices cannot carry large bat-
teries due to their small size. So, they must operate
with low power. In addition, high power use in-body
might violate safety considerations.

e Generalizable: The techniques should generalize across
humans with different body shapes and compositions.
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e Precise: The location accuracy needs to be centime-
ter scale for applications like wireless endoscopy cap-
sules [27] and mm-scale for cancer radiation therapy
markers [12].

Much of past work has focused on Radio Frequency (RF)
based low power communication solutions [1, 22]. However,
RF-based solutions have several major shortcomings. First,
the human body is inherently a challenging medium for ra-
dio waves due to its high water content. A large fraction of
the signal is reflected at the human-air interface (skin) [40].
Once inside the human body, wireless signals experience
exponential attenuation as they travel through muscle and
fat. This problem is further exacerbated for localization ap-
plications because of refraction at every interface boundary
(skin-fat, fat-muscle, muscle-air, skin-air, etc.). The signal
deviates from its path at every interface and experiences
different propagation speeds in each tissue type. Therefore,
past work (e.g., [8, 40]) has come up with simplified human
body models. Such approaches suffer in localization accu-
racy (a few centimeters of localization error) and tend to
not-generalize across different body types and shapes.

Due to these challenges, recent work [30, 34, 35, 46, 48] has
moved to magnetic communication and localization. mag-
netic fields do not interact with the human body, i.e., the
human body is transparent to magnetic signals. Magnetic
signals are also absorbed less by the human body and are
safer as compared to RF signals. These systems rely on mag-
netic coupling between an external reader and an in-body
coil. Due to their low frequencies, magnetic systems operate
in near-field and can rely on signal strength for localization.
In general, they measure the signal strength for different
device locations at calibration time. They use this data to
either do a nearest neighbor search (fingerprinting) or train
a Machine Learning model (typically, a neural network). Al-
though these approaches are precise, they require a lot of
calibration effort during setup and are hard to generalize,
especially if the relative locations of out-of-body coils vary
due to body shape, breathing, or other variations.

We present InnerCompass, a magnetic backscatter-based
localization and communication system for in-body devices
that does not require any fingerprinting or model training.
InnerCompass uses small tags and small out-of-body coils. It
uses low-power magnetic backscatter for both communica-
tion and localization. It causes 100 dB less radiation exposure
than is recommended as safe by the FCC. Due to the small
size of the out-of-body coils, it can fit into wearables like
smart belts or smart vests. Finally, it is generalizable — can
work with different body shapes and across varying loca-
tions.

The key insight behind InnerCompass is — due to the min-
imal interaction between body tissues and magnetic fields,
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we do not need to create measurement-driven models for
in-body localization. We can instead rely on analytical mod-
els created using simulations. Surprisingly, we show that it
is easy to adapt the model from simulation to real-world,
without requiring extensive calibration or real-world data
collection. This allows us to analytically change our model
for different body shapes or different deployment behaviors.
To the best of our knowledge, we are the first to create such
analytical models for magnetic localization. We are inspired
by RF-based localization systems, where analytical far-field
models like phased arrays have become the de facto standard
for localization (having moved away from finger-printing-
based localization). In building InnerCompass, we hope to
engineer a similar shift in paradigm.

At a high level, InnerCompass uses a set of transmit-
receive coils outside the body to magnetically couple with a
small in-body tag. The tag can modulate the magnetic field
to communicate data. As the location of the tag changes,
the coupling coefficient changes inducing a variation in the
signal strength of the signal received at receiver coils outside
the body. In our design, we make the following interesting
design decisions:

First, we note that magnetic localization systems require
multiple RSSI (Received Signal Strength Indicator) measure-
ments to perform a multi-dimensional localization. Prior
work [34, 35] places multiple readers, i.e. a pair of transmit
and receive coils, near the in-body device to get precise lo-
cation. However, they treat each reader separately, thereby
requiring N pairs of transmit-receive coils for N measure-
ments. In contrast, we enabled all receivers to simultaneously
receive from all transmitters, similar to the MIMO scheme, by
letting the transmitting frequencies for each transmitter coil
be slightly different from other transmitters. This enables
us to obtain N? measured RSSIs from N pairs of coils. As
a result, InnerCompass is able to obtain mm-level accuracy
with only two sets of Tx and Rx coils, while state-of-the-art
systems like [34] require six.

Second, different from traditional RF and magnetic commu-
nication systems, InnerCompass uses a customized transmit
chain featuring a low impedance power amplifier and a series
LC circuit coil. This design aims to increase the operating
range of the system, so that it can communicate and localize
devices deep inside human tissue, which requires increasing
the signal strength transmitted by the reader. We observed
that unlike traditional far-field communication devices, near
field signal strength relies solely on the coil’s current and not
the power delivered to it. This lead us to a low impedance coil
design, which increases the coil’s current and the magnetic
field generated.

We implemented a prototype of InnerCompass using off-
the-shelf function generator, amplifiers, filters, ICs and a
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Figure 2: Two coils in proximity have inductive cou-
pling. Coil 1 has a current I and generates a magnetic
field. The part of the field that passes through coil 2
are marked in green.

2-layer printed circuit board (PCB). We tested the perfor-
mance of InnerCompass in a lab and an office, using pork
ribs as mock human tissue. Our results show that Inner-
Compass is able to obtain mm level accuracy. InnerCompass
requires only one-time calibration at manufacture time using
a single data point. Furthermore, we tested InnerCompass’s
ability to communicate data between the in-body device and
the external reader, and found that InnerCompass is able to
achieve as high as 5kbps data rate over a 25cm distance.

In designing InnerCompass, we make the following con-
tributions:

e We build the first end-to-end analytical model for the RSSI
of inductive coupling backscattering communication based
on the underlying physics.

e We propose a MIMO-inspired localization strategy using
frequency multiplexing that increases the localization ac-
curacy and decrease the number of antennas needed.

e We propose a new way of designing coils for communi-
cation in near field, which minimizes the impedance on
both the reader coil and the amplifier connected to it and
increases the received signal strength.

e We built a prototype system, InnerCompass, and tested its
performance in the real world.

2 BACKGROUND - INDUCTIVE
COUPLING

When two coils are placed in proximity, they exhibit "induc-
tive coupling”, where current change in one coil, i—l;, will
stimulate voltage V; in the other. As a result, the magnetic
field generated by one coil also passes through the other coil,
as shown in Figure 2. The stimulated voltage satisfies [9]

Vo =M, I
where M, ; is a constant called "mutual inductance" depend-
ing on how much magnetic flux coil 1 generates on coil 2.
The mutual inductance indicates the amount of magnetic
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flux on coil 2 caused by coil 1, and satisfies [9]

Where @ ; is the magnetic flux in coil 2 caused by coil 1.
The magnetic flux is defined as [9]

<I’=/B-dS

When the relative position of 1 and 2 are different, the mag-
netic field generated by 1 at 2’s position would be different.
Therefore, M; » depends on the relative position between 1
and 2. Generally, when coil 2 is further away, the magnetic
flux of coil 2 will be lower and M, ; will be lower.

3 INNERCOMPASS SYSTEM DESIGN

InnerCompass is a magnetic-based localization system de-
signed to localize in-body deep tissue implants. InnerCom-
pass design uses magnetic signals for backscatter localization
of the implant rather than higher frequency RF signals for
several key reasons:

o Permeability: InnerCompass’s magnetic signal can easily
penetrate all kinds of media including human body tissue
that would typically attenuate or block RF signals.

o No multipath: InnerCompass uses low frequency mag-
netic signal allowing for near-field operation. In the near
field, magnetic field energy degrades at O(d~°®), much
faster than O(d~?%) decay for far field RF operation. As
a result, magnetic signals do not experience the multipath
reflections which often cause errors in RF-based localiza-
tion.

o Safety: InnerCompass’s magnetic signal is safer to use in
human bodies. Magnetic field is non-radiative and at low
frequencies, has a minimal absorption by tissues.

e High Precision: Magnetic signal energy degrades at a
much faster rate than RF signals. This is an advantage for
magnetic localization systems as it yields higher sensitivity
and higher precision for measuring distance.

However, the properties of magnetic signals in near-field
describe above lead to some inherent challenges for both
communication and localization. First, the signal attenuates
rapidly, as O(d~°), with distance. This limits the range of
operation of such devices. This is evident in the small range
of off-the-shelf NFC devices, e.g., card readers and smart-
phones. To operate in-body, we need to enhance the range of
these devices. Second, near field magnetic field does not fit
the analytical models designed for far field localization sys-
tems. For example, state-of-the-art RF-based localization sys-
tems [17, 34, 40, 43], both in-body and in-air, rely on phase-
based analytical models of far-field radio signals. Therefore,
state-of-the-art work using magnetic fields has relied on
fingerprinting-based models.
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In InnerCompass, we solve these challenges. We present
a new transmitter design in Sec. 3.2 that leverages unique
insights for magnetic systems. We build the first analytical
model for magnetic near-field localization in Sec. 3.3. We also
present an optimization of our model in Sec. 3.4 that reduces
the number of reader coils required for in-body localization.

3.1 InnerCompass’s Backscatter
Communication

Backscatter communication is widely used especially in de-
vices with a tight energy budget. A backscatter communica-
tion system generally consists of a reader and a tag. Com-
pared to traditional wireless communication systems, the
tag does not emit its own signal. Instead, the reader sends
a signal to the tag, and the tag modulates and reflects the
signal from the reader to communicate. Since the tag does
not need to transmit, it can run on very low power.

In InnerCompass, we design a backscatter communication
system using the magnetic coupling mechanism. Our reader
comprises of two coils: one transmit (Tx) coil and a separate
receive (Rx) coil. The in-body tag comprises of a small coil
as well. As shown in Figure 3, the Tx coil, the Rx coil, and
the tag coil are mutually coupled. This coupling can be seen
to operate in following steps.

Step 1: The Tx coil generates a magnetic field, Brx. The Tx
chain sends an alternating current, I, at frequency f into
the Tx coil, which generates an alternating magnetic field
Brx.

Step 2: The magnetic field Bry induces a current in the tag.
The magnetic field Br, will generate a magnetic flux ®ry t44
on the tag. From the definition of M we know that @7y 149 =
Mrx,taglTx- Brx is also an alternating magnetic field which,
according to Faraday’s law [9], will stimulate a voltage in

the tag

d®ry; ,
Vtag = % = _ZEJfITxMTx,tag
According to Ohm’s law [9], This voltage drives a current
Vtag

in the tag I;qg = Z
ag

circuit. The tag current, I, generates magnetic field B;qg.

where Z;4, is the impedance of the tag

Step 3: The tag magnetic field, B;qg, induces a current in the Rx
coil. Similar to the case between Tx and tag, B;44 stimulates
a voltage in the Rx coil

Ve = _ZﬂjfltagMRx,tag

The voltage in the Rx coil then goes through the rest of the
Rx chain including filters and amplifiers, and is sampled at
our software defined radio.

3.1.1 Dealing with Tx-Rx Crosstalk. Tx signal can be re-
ceived by Rx coil directly too, which can cause self-interference
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Figure 3: Magnetic coupling between the Tx, Rx, and
tag coils. The self-interference is shown in red, whereas
the signal of interest is shown in green.

within the reader!. To avoid this problem, the InnerCompass
tag modulates the signal and reflects it back to the receiver.
We perform this modulation by employ a voltage-controlled
switch operated by a fixed-frequency clock signal at the
tag operating at frequency Af. Given that the original sig-
nal frequency is f as defined above, the reflected signal has
harmonic frequencies on f + kAf, k € Z. We consider the
component with the highest amplitude, e.g. f — Af, as the

Vtag

signal to measure. On this frequency, we have I;

tagze

Ztag
where € is the relative gain on the sideband. Subsequently,
the received signal is V}; . = 27 fIt’angg,Rx

Summarizing the discussion above, we have

4”2f26|ITx|GRx

Zees (1)

|VRx| = MTx,tathag,Rx
where Gg, is the gain of the Rx chain including the filter
and amplifiers.

We have kry.ra4 asymptotically [36], where rry tqg

-3
& rTx,tag
is the distance between Tx and tag. This leads to the O(d~°)

attenuation in signal energy with distance as described above.

3.2 Transmitter Design

InnerCompass provides a new transmitter design that helps
enhance the strength of the measured signals that we receive.
Traditional magnetic coils in near-field systems are generally
connected in parallel to its tuning capacitor [30, 34, 48]. This
can ensure that the coil draws minimum current from the
power source at resonance, because parallel LC circuit have
infinite impedance at resonance. This is important for mod-
ern “tight-design" devices like cell phones that have strict
limit on power and heat dissipation. However, as we can see
from Equation 3, the magnetic field strength is proportional
to the current flowing through the coil. Therefore, to increase
the operating range of InnerCompass, we need to increase
the current that flows through the coil.

IThe signal can also bounce multiple times among Tx, Rx and tag, but every
hop brings an attenuation in the magnitude of k, therefore the multi-hop
paths can be ignored.



Magpnetic Backscatter for In-body Communication and Localization

We noticed that series LC circuits, in contrast to parallel
ones, have zero impedance at resonance. This allow huge
amount of current to flow with a low voltage source. There-
fore, we designed our coils to have series LC circuit.

Moreover, traditional RF systems, both near-field and far
field, ensure impedance matching on all input/output ports
to 50Q or 75Q. This is to ensure that no signal is “reflected"
at ports and Tx can transmit maximum power to the receiver.
Even in traditional design of near field coils such as NFC,
this rule of impedance matching is inherited and all prior
works using inductive coupling communication devices use
50Q amplifiers and matching circuit networks. However, we
argue that this is not optimal for near field coupling where
the signal strength depends solely on the magnetic field,
and thus the current delivered to the Tx coil (not the power
transmitted). Since a traditionally impedance-matched power
amplifier has a high impedance of either 50Q or 70€, it limits
the current output (Ohm’s law). Therefore, we used a low
output impedance amplifier in InnerCompass to maximize
the signal strength.

We will show in Section 4 and Section 5 that by just in-
creasing the Tx current to a larger but still safe value, we
will be able to increase the operating range of InnerCompass
to a reasonable value that supports communication and lo-
calization in deep tissue. Moreover, the tag in human body
is designed to be low power, and will not cause heat dis-
sipation problem to human body. Finally, we will show in
Section 5 that InnerCompass’s operating radiation level is
around 100dB lower than the safety limit and should cause
no danger to human body.

3.3 Analytical Localization Model

InnerCompass designs an analytical model that maps the
received signal of magnetic backscatter to the location of
the implant. Unlike prior methods that use look up table or
machine learning based localization models, InnerCompass’s
analytical model does not require an extensive set of data
points for calibration. Rather InnerCompass’s model relies
primarily on the physics of the magnetic field to estimate an
implant’s location.

As discussed above, there are three main components in
InnerCompass: the transmitter Tx, the receiver Rx, and the
implanted device Tag. The coils of the transmitter, receiver
and implant tag are placed in proximity of each other, and,
as a result, generate a magnetic coupling with mutual induc-
tance Mry,;qq and MRxlmgz. Furthermore, we observe that

e Our coils are made of thin wires, less than 0.5 mm in
thickness. Therefore, the width and thickness of the Tx
and Rx coils are significantly less than the radius of the
coil, or the distance between the coil and the tag, so we

2Note that mutual inductance is symmetric, M;agRx = MRx.tag
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can approximate the Tx and Rx coils with a simple current
loop model.

o The size of the tag is required to be one or more order of
magnitude smaller than the distance between the tag and
Tx/Rx coils, so we can approximately assume that the tag
is in a homogeneous magnetic field equal to the magnetic
field at the center of the tag coil.

Given the second approximation, we can simplify the mag-
netic flux as ®;45 = B - 844 Where B is the magnetic field at
any reference point on the coil and 8,4 is the normal vector
of the tag coil. We note that only B is associated with the
tag’s position.

Summarizing the discussion above, we can see that
BTx,Tag : Stag
— )
where Bry,sqq is the magnetic field stimulated by the Tx coil
current. We have similar conclusions for Mgy, 144 too.

Finally, since we know the size of the coils, we just need
to calculate B values for Equation 2. Our model estimates B
by simply using the Biot — Savart law [9] described by the
following equation:

B(r)—&/cldfxr/ 3)

C4m Ir|?
Where 1’ is the vector from the location of the current seg-
ment to the reference point r. Because we simplify the Tx and
Rx coils as current loops, we only need to take the integration
in Equation 3 over a circle with given radius, which can eas-
ily be done using minimal compute power. From Equation 3
and Equation 2 we see that

MTx,Tag =

Ho de xr’
Mrx,tag = o /Cl P “Stag (4)
We define p ,
Ho EXr
Bon(r') = — -8
On( ) ar L |r,|3

to be the the magnetic field caused by a unit of current (I = 1),
projected to the normal vector of the tag coil surface (§), and
we can see that

MTx,tag = Bon (rtag - rTx) Stag
similarly,
MRx,tag = Bon (rtag - 1'Rx) Stag
We note that there is still one part of the model that needs
calibration data from the real world: the constants for the
“proportional to" relations in the model in Equation 1 and
Equation 2. In principle, these could be obtained from the
technical specifications of the components used, however,
we can see that all the constants are multiplied together to
get one “proportional” constant. Therefore, we can also just
measure |V| setting the tag at any given point, which would
be sufficient to specify the constant. Note that, this needs to
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Figure 4: Illustration of the 4 RSSI values when there
are 2 Tx and 2 Rx coils present

be only once and does not need to be repeated even when
the tag is placed in a different environment or the reader
coils change their relative position.

3.4 MIMO-Inspired Localization Strategy

Our model, discussed above, maps the signal strength of
the received signal as a function of the relative location of
the tag, with respect to the transmit and receive coils. To
perform localization, we need to identify the location, (x, y),
of the tag, given the measured signal strength values at the
receiver. Since we need to identify these two variables, a
single measurement is insufficient to identify the correct
location of the tag.

Past work in magnetic tag readers use multiple Tx-Rx
coils to generate multiple different measurements of the
signal strength, and use these measurements to locate the
tag. In these systems, each Tx coil communicates a designated
Rx coil. Therefore, N Tx and N Rx coils generate N signal
strength measurements. We argue that this is not the optimal
strategy in precisely localizing the tag.

Instead, we borrow the idea of MIMO from RF communi-
cation to enable more measurement values. In MIMO, the
receiver tries to estimate the wireless channel between each
pair of Tx and Rx. In our design, the reader has multiple Tx
coils and multiple Rx coils. We allow each of our Tx coils to
choose a different frequency, Af, thereby enabling frequency
multiplexing. An outline of our MIMO measurement is dis-
played in Figure 4. Therefore, each Rx coil can receive the
signal from all Tx coils simultaneously. Each Rx coil receives
signal at N different frequencies, one for each Tx coil. This
enables each receiver to distinguish between signal received
from different transmitters, and measure the RSSI of all of
them. By using this technique, InnerCompass can obtain
N? measurements with just N Tx and Rx coils, compared
to only N measurements in the prior work. More measure-
ments enable more precise localization of the tag. We will
demonstrate in Section 5 that by utilizing MIMO, it suffices
to have 2 Txs and 2Rxs on the same axis to get a mm-precise
2D localization,
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Figure 5: Composition of the reader’s Tx and Rx chains.
Each chain has 2 channels and 2 coils respectively

By utilizing the analytical model, we are able to build a
mapping from location coordinates to signal strength val-
ues. We have 4 coils Tx1, Tx2, Rx1 and Rx2 at (x;,y;),i €
Tx1,Tx2,Rx1, Rx2. By applying Equation 1 we know that
for any point (x, y), the received signal voltage is:

47T2f2 |ITx,- |GRxJ- S?ag
X
Ztag

‘/ij(xs y) =

Bon (% = XTx;» Y — Y7x;, 0) Bon (x — XRx;» Y = YRx;» 0)
(5)

To go from signal strength measurements to underlying
coordinates, we use a k-nearest neighbor (KNN) regression
approach. We analytically compute the signal strength values
over a mesh grid of step size 1mm on x and y. We compute
the expected signal strength values on all the points in the
grid according to Equation 5. We fit a KNN regression model
using the (RSSIs, x, y) pairs. Once the model has been fit to
the generated signal strength, given a set of signal strength
value, InnerCompass can predict the location of the in-body
tag.

4 IMPLEMENTATION

InnerCompass consists of two parts: an out-of-body reader
and an in-body tag.

Reader Design: The components of the prototype reader
are shown in Figure 5. The Tx chain consists of a 2-channel
Teledyne T3AFG30 function generator, connected to a 2-
channel Juntek DPA-2698 low-output-impedance power am-
plifier, which has an output impedance of no higher than 5Q
and supports up to 500mA current. The output port of the
amplifier is connected to two Tx coils paired with the tuning
capacitor for each channel. The two Tx channels operate at
fi = 5.95MHz, f, = 5.96MHz respectively to facilitate fre-
quency multiplexing localization outlined in Section 3. We
wrap 12 AWG magnetic wire around a machined piece of
plastic to make the coils, which have a diameter of 39mm. The
photo of the coil is displayed in Figure 6a. The Rx chain has 2
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channels, and consists of 2 Rx coils of the same size as the Tx
ones. The number of turns on Rx coils are different so that
Rx resonates at the sideband frequency, not the carrier fre-
quency. The Rx coils are connected to 2 impedance-matched
muRata SFE5.74MC2 filters. The filter output is amplified by
a ZFL-1000LN+ amplifier, and received by NI USRP-2904R
SDR with an LFRX daughterboard.

Tag Design: We built a prototype of the tag shown in Fig-
ure 6a. The tag consists of a PA6512-AE coil and the receive
chain. The receive chain operates using a coin battery, and
includes a 10uF filtering capacitor, a DS1099U-BC+ clock sig-
nal generator, an ADG802 SPST analog switch, and a 180pF
tuning capacitor. The circuit diagram is shown in Figure 6b.
The clock generator generates a 262 kHz clock signal, which
is mixed with the incoming signal to shift the input sig-
nal’s frequency by Af = 262kHz. The coil has a diameter
of 8.38mm and thickness of 5.21mm, and can be fit into an
edible capsule [21]. Our tag drains a current of 270uA and
operates with a DC supply of 2.7-5.5V. Our tag would last
more than 500 hours using a small coin battery.

4.1 Design Considerations and Variations

(i) Choosing the optimal design specs: We acknowledge
that biomedical applications have divergent requirements
on the range, power, and communication data rate. For ex-
ample, [46] aims to detect EoE disease on the human neck,
which can operate in a shorter range, while [12] uses in-
body tags purely as beacons to estimate their location and
doesn’t require communication. Certain specs of components
in InnerCompass can be altered to accommodate different
requirements:

e Operating frequency As we can see from Equation 1,
the signal strength increases with the frequency. How-
ever, when the frequency is higher, the near field approx-
imation becomes worse, and the interaction of the signal
with human body becomes more significant. Also, we
have V = 27 fLI for the inductor. If the frequency be-
comes too high, there will be high voltage in the circuit
which might be unsafe for humans.

e Coil size In general, a large coil’s magnetic field is more
“spread out" and a smaller coil’s magnetic field is more
“concentrated”. When we make the coil larger, we get
a longer range but the decay rate of the magnetic field
becomes smaller, leading to a lower spatial resolution for
localization. For example, [48] has a coil of 1.1m X 0.9m,
and their signal attenuates by 10dB when the distance
changes by 1.5m. In contrast, InnerCompass’s signal
strength decays by as much as 20dB when the distance
changes by 9cm, yielding more than 30x spatial resolu-
tion.
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e Coil Q value Q value determines a coil’s bandwidth, as
well as its impedance at resonance. Large Q value coils
have smaller bandwidth, but resonate “stronger" at reso-
nance and can generate stronger signals. One needs to
balance between the operating range and communication
bandwidth to choose the optimal coil.

In this paper, we used the setting that generates a range
reasonably large for in-body localization (25cm) with high ac-
curacy (mm level) and supports kbps level of communication
that is suitable for a variety of applications.

(ii) Interference with Other Devices: In the real world,
there may be other devices transmitting on the same fre-
quency as InnerCompass, and it is important that InnerCom-
pass neither causes interference to other transmission nor
receives interference from other transmissions. Such inter-
ference is unlikely because InnerCompass operates in near
field and has limited range. To test InnerCompass’s far field
effects, we simulated the radiation field of the Tx/Rx coil.
It shows that on the sphere that is 3m away from the coil,
the maximum electric field strength is —96dBV /m. On the
other hand, the peak gain for the coil in InnerCompass is
-110dB. In comparison, a typical half-wave dipole antenna
has a gain of 2.15dB [4]. From the simulation results, we see
that the ability of the coil to both emit and receive far field
radiation is multiple orders of magnitude less than ordinary
far field antennas. Therefore, it should not interfere with any
external devices.

(iii) Safety to Human Body: As we will show in our
experiments, InnerCompass causes human body absorption
that is ~100dB less than the FCC safety requirements. Also,
the transmitter current is always less than the maximum
output current of the amplifier which is 500mA. This is less
than the current for commodity hardware such as a heated
jacket, and is also several magnitudes less than [35].

On the other hand, the magnetic field generated by the Tx
current loop at its center has the magnitude of 107°T. This
is comparable to the magnitude of the earth magnetic field®.
We believe that such magnetic field should neither cause
harm to human body nor interfere with any medical devices
that has already been installed on the patient.

(iv) Scalability: It is straightforward to scale InnerCompass
up to support multiple in-body devices, by adapting the NFC
protocol which is multiplexed [48].

(v) Addressing Size Limits: Real-world medical applica-
tions have constraints on the size and power consumption,
especially for in-body devices. InnerCompass’s tag is cur-
rently implemented as a printed circuit board and as such is
not optimized for size or power. However, we can see from

$However, InnerCompass is free from earth magnetic field interference
because of the different frequency
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Figure 6: InnerCompass Hardware Implementation (a-c): (a) Photo of InnerCompass’s coils for the reader. (b)
Circuit diagram for the tag in InnerCompass. (c) InnerCompass Tag PCB size measured with calipers.

Equation 2 that the size of the tag coil is the only part that
affects the tag’s ability to receive and reflect signal. A chip
implementation of the rest of the transponder can reduce
the overall size of the tag to the size of the coil. However, we
leave such an implementation to future work.

Our tag size of 8.38mm in diameter can fit into most cur-
rent applications. For example, in comparison, a “00" sized
swallowable capsule has an outer diameter of 8.56mm. Com-
modity gastrointestinal endoscopy capsules have a diameter
of up to 1.3cm [10]. Medical implants, on the other hand, can
have a diameter of several cms [19].

Should it be required to reduce the coil size, note from
Equation 1 that the signal Vg, « Stzag o« r*. The signal
strength (RSSI) is proportional to V7 [41, 42], and thus r®.
This means that when the diameter of the coil reduces by
half, the signal strength will fall by 256x (24dB).

Such drop can be compensated by, e.g., reducing operating
range. We know that asymptotically B oc d~3. So, from Equa-
tion 5, we know that Vg, oc d=°. Therefore, we can see that
with constant signal strength requirements (i.e. Vg, being
constant), r* x d~° is constant. This implies that d o r?/3,
so the operating range decreases slower than the tag di-
mensions. For example, when the tag diameter is reduced by
2%, the operating range is reduced by 1.58%. The specific re-
quirements of the size and operating range would depend on
specific medical applications, and we leave such exploration
to future work.

5 RESULTS

In this section, we evaluate InnerCompass’s performance.

5.1 Testbed setup

To evaluate InnerCompass, we build a testbed as shown in
Figure 7. We bought a glass aquarium of size 25cmx25cmx25cm
with a perimeter of 100cm, similar to the size of a medium-
sized adult waist. We set up a linear stage next to the aquar-
ium to precisely adjust the position of the tag. We deployed
the Tx and Rx coils of InnerCompass around the aquarium
and placed pork ribs around our deployment along the sides

of the aquarium to simulate the effect of human tissues, as
shown in Figure 7b. We chose to use ribs as they are a com-
plicated tissue that contains muscle, fat, blood, and bone, the
majority types of tissues found inside human body. This is
consistent with past work in this space [34, 35, 40]. We per-
form one-time calibration for the coils by placing the coil in
the center of the aquarium in the free air environment. This
calibration data is then used in all other environments, in-
cluding in-body environment, and localization at new places.

5.2 Microbenchmarks

Human Body Absorption Simulation: We analyze Inner-
Compass’s effect on the human body to determine whether
or not it is safe for real-world deployment. We analyze this
effect by simulating specific absorption rate (SAR) of Inner-
Compeass at different parts of the human body using Ansys
High Frequency Structure Simulator (HFSS) [5]. Fig. 8a plots
the results of our simulation. We find that the maximum
absorption rate in the body is -96 dB, while the FCC limit for
SAR for wireless signal is 1.6W/kg, corresponding to 0.204dB.
The SAR generated by InnerCompass is nearly 100dB less
than the FCC safety limit, demonstrating that InnerCompass
will not have a harmful impact on the human body.

Prediction Accuracy of the Analytical model: We aim
to verify that our model’s calculated RSSI values match real-
world measurements in our setup. We measure the real-
world magnetic field strength at a 10 by 10 grid in the center
of the aquarium and plot the predicted and measured sig-
nal strength values in Figure 8b and Figure 8c respectively.
Through visual inspection, the modeled and measured fields
are nearly identical with only some slight differences due to
noise in measurements for the real-world system.

We present aggregate statistics across different settings
in Table 1. InnerCompass’s modeled magnetic field in the
setup uses only a single point of calibration data in free air
to predict the magnetic field strength in both free air and
pork ribs. The overall average prediction error is 1.73 dB.
We can also see from the figure that when the position of
the tag changes by 9cm, the RSSI changes by as much as



Magpnetic Backscatter for In-body Communication and Localization

ACM MobiCom ’23, October 2-6, 2023, Madrid, Spain

(a) Evaluation Platform

(b) With Animal Tissue

Figure 7: Testbed: We use a 2D linear motion stage to enable precise motion of the tag inside an aquarium. We
place pork ribs around the edges of the aquarium to simulate human tissue and cavities.
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Figure 8: Microbenchmarks: (a) InnerCompass’s tag has low specific absorption rate (SAR). (b) Our model’s
calculated RSSI values for Vj;, (c) Measured RSSI values for V;; over the same points

approximately 25dB. The 1.73 dB predicting error would
correspond to a 6.2mm displacement and is only 6.8% of the
total dB variation. This microbenchmark validates our design
choices and is encouraging for precise localization.

Animal Tissue’s Impact on Signal: We measure the effect
of animal tissue on received signal strength using pork tissue.
We find that the signal strength is reduced by 1.68 dB on
average by the presence of animal tissue. We also observe
that the mean absolute difference between InnerCompass’s
prediction of signal strength and measured signal strength is
1.97 dB (more details in Table. 1). Overall, the animal tissue
has a minimal impact on the signal strength as expected.
We believe that the minimal additional attenuation is due
to a phenomenon called “damping effect", where when alter-
nating magnetic field propagates inside conductive medium (an-
imal tissue in this case), it stimulates eddy current that at-
tenuates the magnetic field itself. The scale of this effect is

positively correlated to the conductivity of the medium, and
the proximity between the coils and the conductor.

Our evaluation environment, animal tissue, has a similar
conductivity to human tissue. Also, as we will show, our
evaluation includes cases where all the coils are less than 1cm
from the animal tissue. InnerCompass being able to achieve
high localization accuracy under such conditions indicates
that the damping effect does not have a major adverse effect
on its performance.

5.3 Localization: Accuracy

We evaluate InnerCompass’s localization performance in
two environments: a lab and an office. In each setting, we
move the tag to hundred different locations within the aquar-
ium on a 10 by 10 grid. The aquarium is surrounded by
pork ribs. The ground truth location is output by the linear
motion stage used to move the tag. We measure the error
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Table 1: RSSI prediction error mean (std) for the ana-
lytic model vs real world (in dB). The average error is
1.73 dB across all experiments. Overall RSSI variation
is approx. 25 dB across different tag positions.

Channel Original Original Unseen
(air) (pork) (pork)
Vi1 198 (1.58) | 2.95(2.37) | 2.13(1.56)
V12 1.13(0.84) | 2.24(1.29) | 1.06(0.90)
Vel 149 (1.22) | 1.57(1.43) | 2.05(1.52)
V22 0.55(0.49) | 1.15(1.13) | 2.49 (1.66)

between the ground truth location and estimated location
and report it in Fig. 9. InnerCompass achieves a median error
of 5.37 mm and 6.35 mm in the lab and office environment
respectively. The variation in InnerCompass’s localization
performance at the median is less than 1mm, indicating that
our system’s performance does not degrade across different
environments. Recall that InnerCompass does not include
any location-specific calibration. This shows the accuracy
of InnerCompass’s localization strategy and demonstrates
generalizability across environments. This is expected be-
cause near-field magnetic field does not experience multipath
effects, unlike RF systems, and in general, are more general-
izable across environments. Note that, for some evaluation
locations in the grid, the tag coil is less than 1cm away from
the film of the pork rib. This demonstrates that InnerCom-
pass’s tag works normally even when close to animal tissues.
Therefore, we believe that InnerCompass should work ro-
bustly inside the human body.

5.4 Localization: Comparison to Baselines

We benchmark the localization performance of InnerCom-
pass compared to other data-driven baselines. We compare
InnerCompass to two commonly used in-body localization
baselines: 1) a lookup table [31, 35, 47] and 2) a neural-
network-based model using a multi-layer perceptron [26, 33].
Since the baselines rely on data-driven approaches, we train
these baselines with a random subset of calibration data
collected across our grid in the same environment. Inner-
Compass’s analytical model, however, is calibrated with only
a single point of data at manufacture time, i.e., no per ex-
periment calibration. In Fig. 10a, we plot the median and 1
standard deviation error bars of the resulting localization
errors in different calibration experiments. The median local-
ization error of InnerCompass is 5.37mm. We observe that
all 3 models converge to around this same localization error;
but with multiple training points. InnerCompass’s analytical
approach compares favorably to state-of-the-art baselines.
Since it does not require data-driven training, it is easier
and faster to modify InnerCompass’s analytical model to
suit different body shapes or apply for different deployment
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Figure 9: Localization Accuracy: InnerCompass can
achieve a median localization accuracy of 5.37 mm and
6.35 mm in lab and office environments respectively.

behaviors. This is especially useful in the context of wearable
devices such as belts where the relative position of the reader
coils may move over time or need to be adjusted based on
patient movement or size.

5.5 Localization: Generalizability

We already evaluated InnerCompass’s ability to generalize to
different environments. Next, we evaluate InnerCompass’s
ability to generalize to different horizontal planes for the
implanted tag motion. In this experiment, we shifted the im-
plant tag’s motion plane to be 31.6mm lower relative to the
original evaluation plane. We collected the RSSI values over
our grid with this new position. Since InnerCompass can
simply create a new magnetic field distribution, it does not
need to collect any new data at this plane. Instead, we modify
the z value in Equation 5 to be —31.6mm to generate the new
analytic RSSI values. For the baseline models, we use the orig-
inal measurement data from the non-shifted tag experiments,
i.e., we do not collect any new data for them. Both baselines
use 100 points to train the models. Fig. 10b plots the CDF
of localization error for all models across this experiment.
The median localization error for InnerCompass is 4.3mm
while the median localization errors for the lookup table and
perceptron baselines are 7.5 mm and 5.1 mm respectively.
We observe that InnerCompass significantly outperforms
the baseline models in terms of generalizing to the new tag
position with just a single calibration point. Even with 100
points of calibration data, the baselines still perform worse
in the generalization setting and are likely over-fitting to the
position of the tag in the calibration setting. In a real-world
setting, the implant tag is likely to move around or travel
within the human body.

5.6 Localization: MIMO Benefits

We next examine the effect of our MIMO localization strategy.
We modify InnerCompass’s model to only measure 2 RSSI
values on the 2 Tx, Rx pairs, rather than using the current
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approach significantly aids localization.
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Figure 11: Communication (a-c): (a) Maximum bitrate that InnerCompass can support with a bit error rate less than
1073 (b) BER for 5kbps communication for the “traditional" transmitter design with 50Q impedance and parallel
LC circuit (c) BER for 5kbps communication using InnerCompass’s low impedance series LC transmitter design

setup that allows all receivers to distinguish frequency signal data using a simple on-off-keying scheme. InnerCompass’s
from all transmitters. Fig. 10c reports the CDF of localization tag transmits data at four different data rates: 500 bps, 1kbps,
error across the grid with both experimental setups. The 2kbps, and 5kbps. Fig. 11a plots the maximum data rate at
median localization error without our MIMO localization each spot in our grid where InnerCompass can achieve a bit
technique is 19.7 mm and the median location error with error rate of less than 0.001. Note that the motion of the tag
our technique is 5.3 mm. The performance of InnerCompass is limited due to the presence of meat in the aquarium (one
without leveraging the multiple coils on different frequencies corner of the aquarium is (0,0)). We find that InnerCompass
is nearly 4 X worse. Naturally, more measurements yield a achieves higher data rates at locations where x position is
more precise location of the tag, and collecting these mea- between 9 cm and 15 cm. This phenomenon is likely due to
surements through frequency multiplexing ensures that In- that the points on the edge are far from both Tx and Rx, and
nerCompass will be able to achieve mm-level localization have low SNR according to Equation 1. To fix this problem,
accuracy without having to scale to an unreasonable amount one can simply use multiple sets of coils to cover different
of tx-rx pairs. parts of the field of view. InnerCompass is capable of easily

transmitting localization data and even low-resolution im-
ages from within various parts of the body. The high data

5.7 Communication: Datarate rates that InnerCompass is capable of achieving can be cred-

Lastly, we evaluate InnerCompass’s data communication sys- ited to the novel transmitter design used in the system. By
tem. To enable InnerCompass’s tag to send data, we added providing increased current and signal strength, our novel
a data path to the PCB and used a functional generator to transmitter design empowers InnerCompass to achieve high
transfer the bits. We set up 1 Tx and 1 Rx coil on the center SNRs at long ranges.

of each side of the aquarium. InnerCompass’s tag modulates
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5.8 Communication: Low Impedance
Transmitter Design

To validate our design of the custom low-impedance am-
plifier and series LC coil, we switched the transmitter with
a parallel LC design having the same specs as the original
transmitter, removed the power amplifier from the Tx chain,
and changed the output amplitude of the function generator
to 2X its original value to emulate a 50Q RF amplified (the
low impedance PA has a gain of 2x and the function genera-
tor has an output impedance of 50Q2). We then repeated the
communication experiment, setting the data transmission
rate to 5kbps. We compare the BER at different grid points
in Figure 11c and Figure 11b. We can see that the BER rate
increased by 9.4X on average. This validates that our antenna
design increases signal strength and communication quality.

5.9 Robustness to Magnetic Interference

We evaluate InnerCompass’s robustness to magnetic inter-
ference. To conduct this experiment, we generate magnetic
interference through the motor from the linear-stage in our
deployment testbed. When switched on, we observe that the
motor from the stage generates a magnetic field that creates
interference for InnerCompass. In our setup, the motor is
deployed approximately 15cm away from the InnerCompass
implant tag. Fig. 12 plots the spectrum measured from the
Rx antennas in our deployment with and without magnetic
inference from the motor. We observe that magnetic inter-
ference does have some effect on the spectrum and raises
the noise floor. This can slightly reduce the SNR in commu-
nication settings and require transmission at a lower data
rate. However, we find that as long as the source of magnetic
interference is far enough (around 15cm in our setup), Inner-
Compass’s performance does not degrade. This is evidenced
in spectrum measurement from Fig. 12 as we see the fre-
quency peaks in 5.688MHz and 5.698MHz corresponding to
the two expected side-band frequencies for the 2 Tx channels
in our deployment. Robustness against magnetic interference
is a necessity for in-body communication systems deployed
as part of wearable devices. Outside of a hospital or con-
trolled medical setting, there are many potential sources of
interference that could be detrimental to in-body systems for
at-home health monitoring applications. InnerCompass’s ro-
bustness against these sources of interference come from the
novel antenna design, which improves both the generated
current and magnetic field strength. As a result, the overall
signal strength received from InnerCompass’s implant tag is
high enough to be above the increased noise floor caused by
magnetic interference.
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Figure 12: Spectrum of InnerCompass with mag-
netic interference (above) and without magnetic in-
terference (below). Reflected signal at 5.688MHz and
5.698MHz can be detected in both experiments.

6 RELATED WORK

RF-Based In-Body Systems: There has been a large body
of work that has used wireless technology to communicate
and localize in-body implantable devices [3, 8, 28, 38, 40, 49].
The majority of these efforts have relied on RF signals which
suffer from a variety of phenomena when passing through
the human body. There have been many attempts to solve
these challenges in prior work, some of which include lack
of wireless channel feedback [23], variable tissue characteris-
tics [2], and power transfer [16]. Additionally, many of these
RF-based communication systems suffer from rapid attenua-
tion when passing through the body [7, 20, 32]. They operate
at very limited distance ranges and typically only support
devices implanted at the surface of the human body rather
than deep tissue implants. For example, [25]’s glucose sensor
needs to be inserted under the skin and cannot communicate
from deep tissue. On the other hand, InnerCompass provides
a much simpler solution with a magnetic signal-based ap-
proach. Unlike RF-based signals, the magnetic signals used
in InnerCompass are completely unaffected by the human
body and do not suffer from problematic phenomena such as
attenuation and the multi-path effect. As a result, there are
fewer challenges for in-body sensing using magnetic signals.

Magnetic In-Body Systems: Prior research efforts have
also designed magnetic systems for in-body implants. Some
of these systems are purely designed for communication [45]
and do not provide any localization capabilities. However,
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Table 2: Comparison of InnerCompass against prior work on magnetic in-body systems in terms of features.

Prior Work Feature
Localization Data Rate Max Tag Range* (cm) Is Small? Is Safe?
Error (mm) (kbps) Power (mW)
NFC+ [48] N/A 6.7 i 300 X X
NFCapsule [46] N/A N/A 0 5.5 v v
Rustom & Sideris [34] 1 N/A 6 20 X v
Ray et al. [30] 10 N/A of 4 v v
Yu et al. [44] N/A 1 i 1.5 v v
Sharma et al. [35] 5 N/A 24 20 X X
Ours 5 5 0.73 17.5 v v

* Measured by the maximum distance to the closest Tx/Rx antenna.

T Passive tag.

for those systems that provide localization [31, 35, 47] ca-
pabilities lie two fundamental flaws: 1) calibration and 2)
generalizability. Prior systems build a magnetic localization
model by either using lookup tables [31, 35, 47] or using ma-
chine learning [34] based techniques. These types of models
require a significant amount of measured data to properly
calibrate (for example, [34] collected measurements on over
68921 grid points). Moreover, these models do not generalize
well to different environments and body types, and they need
to be re-calibrated every time the positions of the antennas
need to be adjusted. InnerCompass, on the other hand, de-
signs an analytical and calibration-free model for localization
based on the physics of the magnetic field generated by the
antennas. Our approach avoids cumbersome data collection
required for calibration and generalizes well to a variety
of different environments. Moreover, the prior works have
other design limits that prevent them from being deployed
to something like a smart wearable. We summarize the limits
of the prior work in Table 2

Near Field Communication (NFC): Similar to our work,
NFC also based on the principle of inductive magnetic cou-
pling. Rather than localization, NFC uses magnetic coupling
of coils in proximity of each other to transmit data. A unique
characteristic of NFC communication is that its range is
limited to few millimeters, making it an ideal technology
for secure transactions such as contact less payments [11],
identity control [29], etc.

However, in other contexts, NFC’s limited range has been
viewed as a drawback. To enable longer range applications
such as RFID system through NFC, prior work has managed
to increase the range of NFC to by engineering a modified
magnetic field reader [48]. However, unlike InnerCompass
this system uses a mag-repeater that would make the RSSI-
distance relation non-monotonic, which could complicated
localization efforts. Additionally, the tag coil size is of this
system is too large to place inside the human body.

7 CONCLUDING DISCUSSION

We present InnerCompass, a magnetism-based communica-
tion and localization system for in-body devices. Our system
operates in deep-tissue, achieves mm-level localization ac-
curacy, provides kbps communication with low BER, and
does not require fingerprinting. Our current design has two
limitations that we hope to address in future work:

e Rotation: Our current design needs to know the orien-
tation of the tag. Since magnetic coupling is dependent
on alignment, in future work, we plan to model the rota-
tion as another unknown variable that we estimate using
magnetic field measurements. Estimating more unknown
variables requires more measurements from additional
coils. We leave this exploration to future work.

o Flexible Designs: We envision InnerCompass to be a
smart wearable in the future, e.g., a smart belt or vest,
that can be a platform to connect to all in-body devices.
The belt design however requires us to accommodate
variable reader coil locations. Our current design needs
to know the position of reader coils. In future work, we
plan to automatically estimate the position of the reader
coils using cross-coil coupling measurements. Note that,
fingerprinting-based systems cannot solve this use case
because they need to collect new training data every time
the locations of the reader coils change.
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