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the larger reflection from the skin level and unable to detect
the backscatter signal.

• Signal Deflection: RF signals propagate 8 times slower in
muscles than in air. This difference breaks past algorithms
for RF-based localization. A key principle in localization is
that signals propagate along straight lines, and hence (in the
absence of multipath), the direction of the signal is the same
as the direction of the source. Yet, the difference in speed
between air and muscle causes the signal to significantly
deflect ( Fig. 1) as it enters the body.

This paper introduces ReMix, a novel wireless system for
deep-tissue backscatter. A key property of ReMix is its abil-
ity to address the above challenges –i.e., it can capture the
backscatter signal and localize a deep-tissue device despite
surface interference and signal deflection.

So, how does one isolate the signal from a backscatter im-
plant, when skin reflections are 8 orders of magnitude stronger
than the backscattered signal. Our insight is to use non-ideal
behavior in circuits to separate the backscatter reflections from
all other reflections in the environment. Specifically, we rely
on the concept of non-linearity. Standard circuits are designed
to have linear behavior in their operating range, i.e., if the in-
put receives signal at two different frequencies f1 and f2, the
output transmits frequencies f1 and f2. In contrast, non-linear
behavior (which is non-ideal) mixes the input frequencies, i.e,
given input signal at frequencies f1 and f2, the output signal
contains the original frequencies f1 and f2, along with linear
combinations such as f1+ f2, f1− f2, 2f1− f2, etc. In traditional
RF design, these combinations are unwanted and designers
suppress them as much as possible. In contrast to the traditional
approach, our insight is that we can use this unwanted behavior
to our advantage and isolate the backscatter reflections.

Specifically, instead of using a standard backscatter circuit
on the implant, we use a circuit that promotes non-linearities.
In this case, the backscatter circuit mixes the input frequencies
and reflects both the original frequencies as well as the various
mixes. We can then tune our receiver to listen to the mixed fre-
quencies, e.g., f1 + f2, 2f1 − f2, etc. Since skin reflections are at
f1 and f2, they can be filtered out. Thus, the backscatter signals
at mixed frequencies like f1 + f2 and 2f1 − f2 are interference
free. In §5, we explain how we implement such non-linearity
while keeping the RFID circuit passive (i.e., no power source).

Second, we need to localize the backscatter implant even
though the signal travels along crooked paths. To address this
problem, we introduce a new model for RF-based localization
where the path between two points is modeled with linear
splines (piecewise segments) as opposed to straight lines. The
length of each segment refers to the stretch of the path in a
particular material (air, fat, muscle). We analyze the model
given the electrical properties of human tissues, which reveals
interesting properties of in-body propagation such as: (a) one
can ignore in-body multi-path without affecting accuracy; and

(b) while the implant antenna radiates signal in the body in all
directions, due to the difference in muscle electrical properties,
all signals that leave the body exit through a small area on the
surface. By leveraging such in-body propagation properties, we
design an accurate localization system that accounts for the fact
that the signal suffers deflection and has a different propagation
speed (i.e. different wavelength) in different body tissues. Our
model also accounts for the signal changing frequency inside
the body –i.e. it enters the body as f1 and f2, gets mixed at the
implant, and continues as f1 + f2, 2f1 − f2 , etc.

We have implemented ReMix and evaluated its performance
using both animal tissues (chicken and pork) and human tissue-
phantoms, which are designed to emulate human tissue electri-
cal properties. This is in-line with evaluations used for in-body
applications like ultrasound imaging [13], in-body wireless
power transfer [2], tomographic imaging [44, 51], etc. Our
results can be summarized as follows:

• ReMix delivers effective backscatter communication. It achieves
an SNR between 11.5 dB and 17 dB (for 1 MHz bandwidth)
for a backscatter device that is 1 to 8 cm deep in animal
tissues. This performance is due to ReMix’s non-linear mix-
ing of the RF signals which allows it to deliver good SNRs
despite strong surface interference.

• ReMix delivers accurate backscatter localization. Its algo-
rithm can localize a deep-tissue implant to an average ac-
curacy of 1.4 cm. In contrast, directly applying standard
localization algorithms results in an average error of 7.5 cm
due to inability to deal with signal deflection.

Contribution: This paper has the following contributions:

• It is the first to demonstrate deep-tissue backscatter commu-
nication and localization in phantom and animal tissues.

• It is the first paper that proposes the use of non-linearities to
deal with interference from unwanted skin reflections that
can mask the desired signal from the in-body implant.

• It is the first to present a time-of-flight localization algorithm
that accounts for signal deflection in body tissues.

2 BACKGROUND AND RELATED WORK

The medical industry is looking at a wide array of in-body
devices that include pacemakers that communicate their data
over the wireless channel, smart pills that image the gastroin-
testinal tract, and microscale robots that access organs through
the bloodstream. Today, such deep tissue systems communicate
by generating their own radio signal, a process that consumes
a lot of energy. For instance, in wireless capsule endoscopes,
RF consumes 4 to 10 times more power than the sensors [65].
As a result, these capsules use large batteries that occupy about
40-50% of the space of the capsule [5, 9]. Reducing the power
requirement for RF transmissions can reduce the size of the
capsules making them more easy to swallow. It can also im-
prove completion likelihood. Past work has found that 16.5%
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of the times, capsule endoscopes fail to completely visualize
the small bowel primarily due to limited battery life [48].

Similarly, interest in deep tissue localization is on the rise.
Localization of deep tissue sensors like capsule endoscope can
enable physicians to isolate the parts of the GI tract with ab-
normalities, adapt video frame rates based on location, and
deposit biomarkers at specific locations [49, 58]. The localiza-
tion requirements for such capsules are on the order of a few
centimeters [49].

Past work has tried to tackle these problems along multiple
axes. Researchers have considered wireless power transfer –i.e.,
charging an implant using RF signals [2, 39]. These systems
typically operate in the midfield where the RF transmitter is ei-
ther directly in touch with the body or within a few centimeters
from it. Our work is complementary to this literature. First, we
address localization which is not addressed by power transfer.
Second, even if the implant has the ability to harvest power,
it can still leverage backscatter to communicate at zero power
and save its harvested energy for its sensing tasks.

The literature also has few proposals for in-body localization.
One line of research uses magnetic field analysis [4, 23, 49].
The advantage of using the magnetic field is that its proper-
ties do not change much between air and human tissues. The
disadvantage however is that the magnetic field power decays
with a factor d6 as it travels through air [12]. Hence, the mag-
netic receiver (the receiving coil) has to be in touch with the
body surface or within a few centimeters. Further, magnetic
implants can be problematic. They can be painful if the person
is exposed to a strong magnetic field as in the case of MRI [29].
They can also affect affect MRI images making it difficult to
detect a tumor in the area near the implant [29]. A a result,
this form of localization is not widely used. Doctors also use
X-ray or sonar for localization. These methods are expensive.
Further, continuous tracking of an implant requires excessive x-
ray exposure which increases cancer risk [14]. Finally, the use
of ultrasound for in-body localization requires direct contact
with the human skin, making it infeasible for several medi-
cal applications. For instance, presence of metallic equipment
close to the human body can be an hindrance for administer-
ing X-ray/proton beams used for radiation therapy in cancer
treatments [15, 45].

Many implants need RF signals to communicate their data.
It would be highly beneficial if the same signal can also be
used for localization. Past proposals for in-body RF-based
localization use the received signal strength (RSS) [62, 64].
Those systems use an array of receive antennas and either
assume the implant to be closest to the receive antenna with the
highest power or use path loss models to estimate location [58].
Analysis of the error bounds on RSS in-body localization has
reported lower bounds of 4 to 6 cm [64] even when using up to
50 receive antennas. Past work has also tried to adapt indoor
localization based on time-of-flight (ToF) or angle of arrival
(AoA) for the domain [8, 40, 59]. Unfortunately, these systems

are based purely on simulation, lack any empirical results, and
most of them ignore signal deflection.

There is also a rich literature about backscatter communi-
cation and localization in-air [6, 24, 37, 68]. We build on this
foundation but focus on intrinsically different problems that
stem from RF propagation in deep tissues, such as signal de-
flection and body surface interference. We note that the design
in [24, 30, 68] proposes shifting the frequency of the backscat-
ter signal to avoid WiFi interference. While ReMix also shifts
the backscatter frequency, it differs in both goal and technique.
ReMix’s aim is to avoid interference from the skin surface,
and its solution is completely passive and does not require any
active components on the implant.

Finally, past work on harmonic RADARs and RFID-based
localization ( [10, 20, 21, 50]) has used non-linearity to mix
two frequencies and weed out unwanted reflections from the
environment. However, ReMix is the first system to use this
technique to separate skin reflections from the signal from in-
body implants. Furthermore, as described before, ReMix solves
unique localization challenges (like signal deflections, change
of wavelength in-body) that do not exist in in-air localization.

3 RF SIGNALS IN BODY AND IMPLICATIONS FOR

BACKSCATTER

We start with an analysis of how RF signals behave as they
propagate in biomaterial (e.g., fat, muscles), and the implica-
tions for in-body backscatter. From the perspective of electro-
magnetic (EM) waves, each material is characterized by two
parameters: relative electrical permittivity, ϵr and relative mag-
netic permeability, µr . These are complex numbers that capture
how the electrical and magnetic fields in an EM wave interact
with the material. Both ϵr and µr are 1 for air and vacuum. For
biological tissues, the relative magnetic permeability µr can
be approximated as 1 [32], so we set µr = 1 for the rest of the
paper. However, ϵr has high variability depending on the tissue
type and frequency of transmission. For example, for frequen-
cies around 1GHz (commonly used by in-body implants), the
value of ϵr in muscle is 55 − 18j [26].

The value of ϵr is very important because it changes the
speed of light and other electromagnetic waves (EM) in a ma-
terial. Specifically, the speed of light in a biomaterial (e.g.,
muscle, fat, skin) is given by: v = c√

ϵr
, where c is the speed of

light in vacuum and (to a good approximation) air. The change
in the speed of the EM wave has important implications.

(a) Attenuation Increases Exponentially: Recall that, for a
signal at frequency f , traveling in free space from a transmitter
to a receiver separated by distance d, the wireless channel
h( f ,d ) is given by

h( f ,d ) =
A

d
e−j2π f

d
c (1)

where A is the attenuation constant that depends on the antenna
beam patterns and c is the speed of light in vacuum.
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(a) Attenuation (b) Phase Change (c) Reflection (d) Refraction
Figure 2—Signal Change in Human Body: As RF signals traverse human body, they suffer (a) additional attenuation, (b) increased phase change, and (c)
reflection and (d) refraction at the interfaces.

For biomaterial, incorporating EM wave speed change in
equation (1) gives us the wireless channel, hM ( f ,d ):

hM ( f ,d ) =
A

d
e−j2π f

d
√
ϵr
c (2)

To understand the impact of ϵr on wave propagation, let us
write

√
ϵr = α − βj, where α and β are positive real numbers.

The channel equation can then be updated as:

hM ( f ,d ) =
A

d
e−j2π f

d (α−β j )
c =

A

d
e−j2π f

dα
c e−2π f

dβ
c (3)

Note that the term e−2π f
dβ
c causes exponential loss in mag-

nitude of the signal during propagation. The higher the value
of β , the higher the loss. This is in addition to the propaga-
tion attenuation experienced by the signal in free space, given
by A

d
. Fig. 2(a) plots the additional loss observed by an EM

wave traveling for 5cm in different biomaterials, i.e. muscle,
fat and skin. As can be seen from the figure, muscle tissues
and skin tissues are similar to each other but are very different
from fat, which is closer to air. Also, muscle tissues experience
significant additional loss in comparison with in-air signals.

There are two take home messages from Fig. 2(a). First, in-
body RF signals should use relatively low frequencies to avoid
the drastic power loss occurring at higher frequencies. In fact,
it is a common practice to use frequencies about 1GHz, which
are small enough to have a relatively low loss, but also large
enough to enable relatively small electronics and antennas [2,
39]. Second, for backscatter signals which have to traverse the
body twice, they lose more than 20dB just to get 5cm deep. This
amount is important as we start accumulating the various losses
that eventually lead to about 80dB of surface to backscatter
interference (discussed in detail in §5.1).

(b) Antennas become less efficient: The electrical permittivity
of a material further affects the efficiency of in-body antennas.
As an antenna is placed in-body, its radiation efficiency de-
creases and its inherent losses increase as a function of ϵr . For
muscle tissues, these effects incur another 10 − 20 dB of loss
depending on the antenna design [31].

(c) Wavelength Shrinks: Consider again Eq. 3. Note that the
signal phase changes much faster in biomaterial than in air.
Specifically, the phase changes α times faster in biomaterial
than in air. This is because the wavelength is α times smaller.

Fig. 2(b) plots α for different materials inside the human tissues,
i.e. muscle, fat and skin. It shows that the phase changes 8
times faster in muscle than air. This property is useful for RF-
based localization algorithms that leverage phase changes to
measure distance because it increases sensitivity and allows for
measuring smaller distances (for the same signal SNR).

(d) Signal Reflection: The value of ϵr affects not only how
the signal travels through a material, but also affects what
happens at the interface between two materials. Consider a
signal traveling from a material with relative permittivity ϵr1
to a material with relative permittivity ϵr2. Further, for ease of
exposition, assume that the signal is traveling perpendicular to
the interface, which is the direction of minimum reflection (the
more general case is discussed in [47].) In this case, the ratio
of the reflected power Pr and incident power Pt is given by:

Pr

Pt
=

�
�
�
�
�

√
ϵr1 −

√
ϵr2

√
ϵr1 +

√
ϵr2

�
�
�
�
�

2

(4)

As can be seen in the equation, larger the difference between
the properties of two materials, the more signal power is re-
flected. Fig. 2(c) plots the ratio of power reflected for different
interfaces as a function of frequency. Since going in-body re-
quires the signal to traverse air-skin, skin-fat and fat-muscle
interfaces (twice for backscatter), a large portion of the power
is reflected back before it reaches the implant.

(e) Signal Refraction: When an RF signal traverses the inter-
face between two materials, it experiences a change in direction,
as shown in Fig. 1. This bending in the signal is called refrac-
tion. The relationship of the angle of incidence (θi ) and the
angle of refraction (θt ) can be approximated by the following
equation (for exact equation, see [47]):

Re (
√
ϵr1) sinθi = Re (

√
ϵr2) sinθt (5)

where Re (.) denotes the real part of a complex number. We
plot the angle of refraction for different angles of incidence for
various interfaces in Fig. 2(d). The figure shows that RF signals
experience significant bending at skin-fat, fat-muscle and air-
skin interfaces. This is the key challenge for localization of a
device implanted inside the body.

We make an important observation related to the air-skin
interface, i.e., the blue line in Fig. 2(d). The figure clearly
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operate a local high-frequency clock (with frequency fc ) on the
backscatter device. Thus, if the incident signal has frequency f ,
the backscatter device uses the local clock to generate frequency
fc , and RF mixers to mix these two frequencies and generate f +
fc or f − fc . This is usually done to shift existing Wi-Fi signals
to adjacent Wi-Fi frequency bands to avoid interference. This
approach works well for IoT devices equipped with batteries
to run the high-frequency (tens of MHz) clock, and with no
size-restrictions. However, their battery requirement, size and
complexity make them undesirable for in-body use.

So, the question becomes how we can shift frequencies with-
out using any active wireless components. Our insight is to
leverage non-ideal circuit behavior to generate frequency shifts.
In traditional RF design, circuits are designed to exhibit linear
behavior, i.e., if a circuit (like an RF amplifier) receives an
input signal s, it’s output defined by fl inear (s ) is given by:

fl inear (s ) = γs (6)

where γ is a complex number. Thus, the system just scales
signal magnitude and adds a constant phase to the signal.

In contrast to linear systems which apply a linear transforma-
tion to the input signal, non-linear systems can apply generally
polynomial transforms to the input signal. Specifically, for an
input signal s, the output signal fnon-l inear (s ) is given by:

fnon-l inear (s ) = γ0s + γ1s
2
+ γ2s

3
+ . . . (7)

where γ0,γ1, . . . are complex numbers. To understand what this
non-linear behavior means for the frequencies contained in a
signal, consider a signal s that is a sum of two sine waves of
different frequencies f1 and f2, i.e. s = sin(2π f1t )+ sin(2π f2t ),
where t is the time.

γ1s
2
= γ1 (sin(2π f1t ) + sin(2π f2t ))

2

= γ1 (sin
2 (2π f1t ) + sin

2 (2π f2t ) + 2 sin(2π f1t ) sin(2π f2t ))

=

γ1

2
((2 − cos (2π2f1t ) − cos (2π2f2t )

+ cos (2π ( f1 − f2)t ) − cos (2π ( f1 + f2)t )) (8)

Here the last equation is derived using standard trigonomet-
ric formulae. The final step in equation 8 shows that the out-
put signal contains different linear combinations of the input
frequencies, i.e., 2f1, 2f2, f1 − f2 and f1 + f2. Each of these
frequency components are referred to as harmonics. Similarly,
it can be shown that the third order term contains third order
combinations like 3f1, 3f2, 2f1 + f2, 2f2 + f1, 2f2 − f 1, . . ..

Note that, this behavior is typically non-ideal in circuits and
RF designers try to minimize non-linear behavior. However,
in the context of in-body backscatter, this presents us with an
opportunity to shift the signal in frequency using a non-ideal RF
component. This allows us to transmit a signal composed of two
sine waves at different frequencies f1 and f2. When the in-body
implant receives the signal, it uses the non-linear behavior to
create signals at frequencies which are combinations of the two-
incident frequencies. While the human body reflects signals

at just f1 and f2, the signal reflected by the implant contains
signals at frequencies f1 + f2, f1 − f2, 2f1 − f2, and so on. This
allows us to filter out reflected signals from the human body at
f1 and f2 and isolate the signal reflected by the in-body device.

Finally, how can we produce non-linearities using simple
passive components, i.e., components with no battery? As we
said before, most RF-circuits are designed to exhibit linear
behavior. Thus, to produce non-linearities, we turn to a funda-
mental non-linear component, the diode. A diode is the simplest
non-linearity producing component, that is completely passive
and is typically used as building block in larger, more complex
circuits. By using a diode connected to an antenna, we can
design a simple RF front-end for the implant. It can receive
signals at two frequencies, f1 and f2, and backscatter combina-
tions of these frequencies, thereby allowing a receiver outside
the body to isolate the backscattered signal.

5.3 System Design

We use the design shown in the inlet in Fig. 3, which is sim-
ilar to standard passive RFIDs except for the nonlinear diode
connecting the antenna to the rest of the system. Given an input
signal, the diode mixes the frequencies in the signal creating
second and third order frequencies. These frequencies are fed
to a switch, which modulates the signal. Specifically, the device
can turn the switch on or off to communicate its data using
on-off keying, as in passive RFIDs. The backscatter signal can
be demodulated by the receiver using standard demodulation
techniques. Note that, even for high data applications like smart
capsules which take images of the GI tract, the data require-
ments are few 100 kbps since they typically transmit one or two
small frames per second [3]. Thus, a simple encoding like on-
off keying suffices for communication. Notice that our design
is completely passive since a diode is a passive component that
does not need to be powered. Furthermore, a diode is a very
small and simple component that can be added to an in-body
transceiver with negligible size change.
Frequency Selection: One important system design consider-
ation for in-body backscatter is the choice of frequencies to be
transmitted. There are two constraints that must be met.

• Safety Limits:The safety standards for in-body transmissions
need to be met. As past work has shown [2], it is safe to
transmit up to 28 dBm for an on-body antenna at frequencies
around 1 GHz. This power level suffices for ReMix. Our
system experiences a loss of around 80 to 100 dB in the
human body at frequencies around 1 GHz. But to be on
the conservative side, even if one assumes the loss is up
to 130 dB, the expected received signal strength is ≈ −100
dBm. This low power can support 1MHz wide on-off keying
transmissions using standard receiver design [11, 55].

• FCC Regulations: The FCC regulates which frequencies can
be used - specifically it has set aside several bands around 1
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(c) Material order and interleaving can be ignored: The
human body has multiple layers of tissues interleaved with
each other. For example, skin and muscle are alike in electrical
properties but are separated by fat which is closer to air. Further,
the same material can appear in multiple layers (e.g., air-skin-
fat-muscle-fat-msucle). This complex layering structure makes
it challenging to model refraction at various interfaces. We can
prove, however, that for parallel layers, order and interleaving
can be changed with no impact on the total phase of the signal.2

Since human tissues tend to be layered on top of each other,
the assumption of parallelism is a reasonable approximation.
We prove this observation in the appendix. We also verify this
property empirically using multiple layers of pork belly in §10.
This observation implies that the multiple layers of the human
body can be rearranged for modeling and approximated to be
grouped in two major layers: one layer comprising oil based
tissues (like fat) and another layer comprising water based
tissues (like skin and muscle).

7 REMIX’S LOCALIZATION ALGORITHM

We introduce a localization algorithm that is particularly
customized for in-body RF signals. The algorithm works in
two steps. First, it estimates the distances traveled by the signal
as if it were traveling in air. We call such values the effective-

in-air distances. Second, it models signal paths with linear
splines (piecewise linear segments). The length of each segment
refers to the stretch of the path in a particular material (air, fat,
muscles). It then solves an optimization problem that maps the
effective distances to the correct splines that match the actual
paths traveled by the signal. (For simplicity, all phase equations
are expressed ignoring the initial difference in oscillator phase
between transmitter and receiver which can be measured during
the calibration phase.)

7.1 Measuring Effective In-Air Distances

Consider a signal traveling from a transmitter to a receiver
through L different biomaterials. Assume that it travels distance
di in biomaterial i, with phase scaling factor αi = Re (

√
ϵr i ).

We define effective in-air distance, def f , traveled by the signal
as:

def f =

N−1∑

i=0

αidi (10)

Combining Eq. 10 with Eq. 9, the phase,ϕ, of the signal ob-
served by the receiver is:

ϕ = −
2π f def f

c
mod2π . (11)

Thus, an alternative definition for the effective in air distance is
that, if travelled in air, it would result in the received phase.

So, how do we compute the effective distances? Recall that
ReMix has two transmit antennas that transmit f1 and f2, and

2Reordering of layers affects the amplitude due to more reflections.

a number of receive antennas. Let d1 and d2 be the effective
distances from the two transmitters to the backscatter device,
and dr the effective distance from the backscatter device to
receiver r . The transmitters are transmitting frequencies f1 and
f2, while the receivers receive the non-linear mixing of these
two signals at frequencies f1 + f2, 2f1 − f2, and other linear
combinations. Let us consider the phase of f1 + f2 measured at
receive antenna r , which can be given by:

ϕi = −
2π

c
( f1d1 + f2d2 + ( f1 + f2)dr ) mod 2π (12)

This phase equation is a combination of three components. The
first two components correspond to the phase of the signal from
the transmit antenna to the device. They combine based on the
particular non-linear component of the signal that we receive.
Since, we are considering just the non linear component f1+ f2,
which is just the sum of the frequencies, the corresponding
phases also add up (this follows directly from Eq. 8). Eq. 12
gives us one equation in terms of three unknowns, d1, d2, and
dr . We need more equations to solve for these unknowns. Note,
now, that the non-linearity generates various frequency mixes,
which provide additional equations. For example, we can write
a similar equation for 2f1 − f2. The phase,ψi , measured at this
frequency is given by:

ψi = −
2π

c
(2f1d1 − f2d2 + (2f1 − f2)dr ) mod 2π (13)

Once again, note that the phase accumulated by the signal
combines in the same way as the frequencies.

To simplify Eq. 12 and Eq. 13, we combine them as:

ϕi +ψi = −
2π

c
3f1 (d1 + dr ) mod 2π

2ϕi −ψi = −
2π

c
3f2 (d2 + dr ) mod 2π

(14)

Thus, we get equations expressed as summed distances from
each of the transmitters to the receivers. At this point, we cannot
use more harmonics to solve for individual distances since they
will just yield equations that are linearly dependent on these
two harmonics. However, we can use another receiver r ′ to get
two additional equations that are functions of d1, d2 and dr ′ .
Thus, given at least two receive antennas, these four equations
can be solved to obtain d1, d2, dr and dr ′ . More antennas can
be used to improve accuracy of distance estimates.3

7.2 Mapping Effective Distance to Actual Location

Now that we have the effective in-air distances between
the in-body backscatter device and the transmit and receive
antennas outside the body, we want to map those effective
distances to the actual physical location of the backscatter

3We note that all phase equations are mod 2π . To resolve ambiguity due to the
phase wrapping around, ReMix, like past work [60], uses a small frequency
band around each of the transmitted frequencies – i.e., instead of just transmit-
ting f1 and f2, ReMix sweeps through its transmission in a small band of 10
MHz around f1 and f2.
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(a) System Setup (b) Pork Belly (c) Localization Setup (d) Phantom Tissue

Figure 6—ReMix Implementation:ReMix’s system setup is shown in (a). To emulate human tissue behavior, we conduct experiments with animal tissues like
(a) whole chicken , (b) pork belly, and (c) ground chicken in addition to (d) human tissue phantoms. In (d), the outer layer is fat phantom and the inner box is
filled with muscle phantom.

connect this diode to the PC30 dipole antenna from Taoglas
[56]. We note that this antenna is 7.5 cm long and its gain is
around 0 dB in-air for the band of interest. However, its an
off-the-shelf antenna optimized for in-air transmissions and
its design is not optimized for in-body transmissions. Smaller
antennas the size ([19, 38, 43]) of a grain of rice have been
used in in-body RFIDs and one could leverage these designs
for better performance. However, the exploration of antenna
design is out of the scope of this paper.

For out-of-body transceiver, we use two patch antennas for
transmissions and three patch antennas for reception. We use
this set of five antennas for localization. For communication,
a single receive antenna is sufficient. A picture of this setup
is shown in Fig. 6(a). To avoid mixing of the two transmitted
frequencies in the transmission circuit, we use separate transmit
chains for both the transmitted frequencies. The antennas are
typically placed from 50 cm to 2 m away from the subject
for our experiments. These antennas are connected to USRP
software radios ([17]). The transmit frequencies used are 830
MHz (f1) and 870 MHz (f2). We use two harmonics 910 MHz
(2f2 − f1) and 1700 MHz (f1 + f2). Our choice of frequencies
is illustrative and another set of frequencies can be chosen as
discussed in §5. Our choice was governed by the availability of
off-the-shelf hardware in these bands.

The signal transmission and reception were done using USRP
X300 software radios and UBX daughterboards. The USRPs
were synchronized using an external 10 MHz clock. The US-
RPs were programmed using the UHD library in C. The signals
received from the USRPs were collected on a desktop PC over
ethernet and the received signals were processed in Matlab.

9 HUMAN TISSUE EMULATION

We emulate human tissues using two methods commonly
used in the literature on in-body imaging and power transfer [2,
13, 44, 49, 51]. First, we use animal tissues like whole chicken
(Fig. 6(a)), ground chicken meat (Fig. 6(c)) and pork belly
(Fig. 6(b)). These tissues have complex layer structures and
contain skin, muscle, fat, bones, etc. Further, the EM properties
of these tissues is similar to human tissues [26, 53]. Thus, they
provide an ideal environment for emulating human tissues.

Second, we use phantom tissues have been proven to exhibit
electrical properties similar to human tissues in frequencies
up to 2500 MHz [1, 28, 36, 46]. These phantoms can emu-
late both water-based (muscle) and oil-based (fat) tissues. The
muscle phantoms are made using Polyethylene powder and
Agarose [28], and the fat phantoms are made mainly of veg-
etable oils and gelatin [36]. We vary the amount of fat and
muscle to emulate human tissues with more fat or more mus-
cle.

An in-body implant placed inside chicken tissue or human
phantom is not visible to the naked eye. Thus, for localization
experiments where precise ground truth location is required, we
use the setup shown in Fig. 6(c). The ground chicken meat or hu-
man phantom is packed in a plastic container and covered with
a lid. The lid has slits cut into it using precise (sub-millimeter)
laser cutting methods. The implant is placed through the slits
at a fixed depth below the surface. By varying the slit that the
implant is inserted into, the implant’s location in the human
phantom or chicken tissue can be changed.

10 EMPIRICAL RESULTS

We discuss our evaluation of ReMix below.

10.1 Microbenchmarks

Non-linear Behavior of Diode: ReMix exploits the non-linear
behavior of a diode for isolating the in-body backscatter signal.
A mathematical explanation of the non-linear behavior is given
in §5. To understand the practical manifestation of the non-
linear behavior, we design a simple experiment. A diode is
connected to an antenna and placed in the air. Two transmitters,
each transmitting a single frequency signal, are placed at a
distance of 1 m from the diode-antenna system. A receive
antenna is placed 1 m from the diode on the same side as the
transmitter. The power observed by this receiver on different
frequencies is plotted in Fig. 7(a).

As can be seen in the figure, the diode produces multiple
non-linear combinations of the input signal. The second order
harmonics (2f1, 2f2, f1 + f2) are lower in power than the main
signal peaks, but higher in power than the third order harmonics
(2f1− f2, 3f1, etc.). The variation in power in different frequency
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(a) (b) (c)

Figure 7—ReMix Microbenchmarks:(a) ReMix’s design produces non-linear mixing of transmitted frequencies which can be used to filter out strong human
body reflections, (b) Interchange of layers (Tab. 1) does not impact signal phase, (c) Linear relationship between phase (in blue) and frequency shows non-existent
or mild multipath in human body.

Config. Layer Structure
1 Skin, Fat, Muscle, Fat, Muscle, Muscle, Bone
2 Muscle, Fat, Muscle, Fat, Skin, Muscle, Bone
3 Skin, Fat, Muscle, Fat, Muscle, Bone, Muscle
4 Muscle, Fat, Muscle, Fat, Skin, Bone, Muscle
5 Bone, Muscle, Skin, Fat, Muscle, Fat, Muscle

Table 1—Configurations for Layer Interchange Experiment

bands is caused by: (a) the diode conversion loss, i.e., different
harmonics have different power after the non-linearity of the
diode is factored in, (b) the propagation loss over air – since
different frequencies have different loss over air, the observed
power is higher for lower frequencies.

This experiment indicates that a diode’s non-linear behavior
produces reflected signal at multiple frequency bands. ReMix
uses these signals for in-body backscatter.
Interchange Layers: In §6.2, we observed that the order of
layers can be changed without impacting the phase of the signal.
In order to validate this observation, we use a big chunk of pork
belly. Pork belly is composed of layers of fat, muscle and bones.
A big chunk of meat is placed below the transmit antenna so as
to avoid any leakage over the air. Then, the transmit antenna
is covered by different sequences of multiple layers given in
Tab. 1. Finally, a receive antenna is placed on top of this setup,
about 10 cm away. Each configuration of the layers given in
Tab. 1 is repeated 5 times. The signal phase is measured at the
receive antenna at two different frequencies.

The phase observed on the receive antenna and its standard
deviation are plotted in Fig. 7(b). As seen in the figure, the
phase remains almost constant across these measurements. The
standard deviation in these measurements is 8 degrees which
is within quite small and within the measurement errors. This
shows that re-ordering different tissue layers in-body do not
impact the phase of the received signal.
Lack of in-body Multipath: In 6.2, we discussed why the di-
rect path for a signal from inside the body is much stronger
than any reflected paths. While mapping the multipath directly
would either need a large antenna array or a large frequency
bandwidth, we use an approximate method to verify this as-
sumption. Specifically, for a fixed distance between transmitter

and receiver, signal phase changes linearly with frequency if
there is no multipath. When there is significant multipath, the
phase is no longer linear. Thus, to verify whether this obser-
vation holds, we put ReMix’s backscatter device inside a box
full of chicken meat and observe the phase of the reflected
signal across a 8 MHz frequency band. Each of the transmitter
frequencies is moved by up by 8 MHz in steps of 0.5 MHz and
the received signal phase is observed and plotted in Fig. 7(c).
As can be seen in this figure, the phase has a linear relationship
with distance. This indicates that the in-body multipath for
ReMix is mild to non-existent.

10.2 Backscatter Communication

To evaluate the backscatter communication capabilities of
ReMix, we use three different setups: ground chicken meat,
human phantom tissues and whole (dead) chicken. The human
phantom is designed to have 1.5 cm fat, followed by muscle.
In each of these setups, we measured the Signal to Noise ra-
tio (SNR) for depths up to 8 cm of tissue. Typically, human
abdomen muscle can be as deep as 1.6 cm and the small in-
testine is around 1 cm deep [16]. Since muscle and intestine
have high attenuation for RF signals, our tests including 7-8 cm
muscle should present an insight into the worst case behavior
of ReMix’s communication capabilities. Finally, we operate
the system at a 1 MHz bandwidth for all these measurements.

We plot the SNR observed at a single harmonic in Fig. 8.
As can be seen in the figure, the SNR of the signal decreases
as the depth in tissue increases. The average SNR obtained in
chicken and phantom are 15.2 dB and 16.5 dB respectively.
Furthermore, even at depths of 8 cm, a depth which is larger
than human muscle depth, the SNR is as high as 7 to 11 dB.
Notice that the human phantom and the chicken meat exhibit
similar behavior. This is along expected lines since they have
similar dielectric properties.

Finally, while we cannot make precise measurements and
incisions in whole dead chicken, we measure the SNR for 5
random locations inside the chicken body. The mean SNR
observed was around 23dB. This is higher than ground chicken
or human phantom because the muscle thickness in the whole
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Figure 8—ReMixBackscatter:ReMix can achieve an average SNR of over 15 dB for 1 MHz frequency
band even when the tissue depth is up to 8 cm (human muscle depth is 2-3 cm [16]).This SNR can be
improved by combining multiple antennas.

Figure 9—ϵr Variance: For typical variance
in human tissue properties, ReMix’s localiza-
tion error continues to be < 2 cm.

chicken is just 2-5 cm, which is lower than the muscle thickness
we analyzed for ground chicken and human phantom.
Combining Across Antennas: The SNR reported above is
the SNR for a single antenna. Since ReMix has multiple re-
ceive antennas, it can combine the signal across these antennas
using techniques like maximal ratio combining (MRC) [57]
to achieve higher SNR. Fig. 8 plots the SNR after combining
the signal received at our 3 receive antennas using MRC. As
expected, the combination gives us an average gain of 5 − 6

dB with 3 antennas. The performance is similar for both, the
chicken tissue and the human phantom. This implies that we
can use the multiple antennas to improve SNR in-body.
Data rates: ReMix uses On-off keying (OOK) for its data
transmission. OOK is robust to noise and can achieve a datarate
of 1Mbps with a bit error rate of 10−4 at SNR of around 12
dBm and bit error rate of 10

−5 at SNR of around 14 dBm
[11, 55]. In realistic cases (muscle depth<5 cm), the SNR of
ReMix is in the 12-20 dB range even with a single receive
antenna. Thus, ReMix can provide efficient communication for
in-body devices like a wireless capsule endoscope, which have
a requirement of few hundreds of kbps.

10.3 In-Body Localization

We evaluate ReMix’s localization accuracy using two dif-
ferent arrangements. First, we use chicken meat, covered with
fixed size slits in a plastic cover (shown in Fig. 6(c)). The slits
are 1 inch apart along each dimension. In the second setup, we
use human phantoms. The human phantom tissues are designed
to emulate layers of fat and muscle a la the human body. As
shown in Fig. 6(d), the muscle phantom is placed inside the
smaller box covered with slits spaced 1 inch apart along each
dimension. The muscle phantom is surrounded by a layer of
fat. The thickness of the fat layer is varied between 1 − 3 cm
randomly to emulate variation in body structure. The goal of
this setup is to be true to human tissue layers.

We measure localization error of the backscatter device
placed through the slits in the cover. We make 50 different
measurements in each of the two setups, and report the CDF
of localization error in Fig. 10(a). As the figure shows, the
median localization error for ReMix is 1.4 cm in chicken tissue
and 1.27 cm in human phantom, and the maximum is 2.2 cm

in chicken tissue and 1.8 cm in human phantom tissue. Note
that, this error is much lower than the 5 cm accuracy required
for depositing biomarkers in the colon for wireless capsule
endoscopy [49] and can enable this application. Furthermore,
this error is 2X lower than the theoretical lower bound on RSS
based in-body localization achievable with 32 antennas [64].

To delve deeper into the results, we discuss two aspects
of the localization. First, we study how the use of refraction
model impacts the localization error. Thus, we use ReMix’s
distance based model without the refraction model and observe
the error along two axis: lateral localization error along the
surface of the body and error in measuring the depth of the
device in the body. The CDF of the surface error and depth
error are shown in Fig. 10(b). The median surface and depth
error for ReMix are 1.04 cm and 0.75 cm respectively. Without
ReMix’s refraction model, however, the error increases. The
surface error and depth errors in that case are 3.4cm and 6.1cm

respectively. Note that, without the refraction model, the error
in estimating depth of the in-body device is higher than the
error in estimating position along the surface. A simple way to
understand is to compare this with refraction in visible light.
When one observes a coin placed in water, it appears at the
same lateral position, but appears much closer than its actual
position in terms of depth. This is similar to what happens
when one fails to account for the refraction model and hence,
there is larger error in depth measurement as compared to the
lateral error measurement.

Finally, there is some natural variation between people in
terms of the value of ϵr for the same tissue type. In our evalu-
ation we use the average value of ϵr . We want to understand
how much of an error can the use of this value ϵr introduce.
We change the value of ϵr by up to 10%, which is similar to
the natural variation observed in past work [54]. We report
the localization error as a function of the change in Fig. 9. As
can be seen, the error increases as a function of perturbation
of this value. However, even when the change in ϵr is 10%,
the error in positioning the in-body device is less than 2.5cm.
This shows that the natural variation of human beings can be
accommodated by ReMix’s design. In addition to that, it also
indicates that there is a potential for improving the accuracy by
customizing the parameters for each patient.
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(a) Localization Error (b) Effect of Refraction Model

Figure 10—ReMix Localization Results: ReMix can achieve high localization accuracy of 1.3 cm in human phantom and 1.4 cm in chicken.

11 LIMITATIONS AND FUTURE WORK

Finally, a few points are worth elaborating:

• ReMix made a few approximations, like grouping skin and
muscle in a single layer to reduce model complexity, and us-
ing an average value for ϵr though different people may have
mild variations. In making these assumptions, we strived to
balance model complexity with the accuracy requirements.
We believe these approximations are acceptable for applica-
tions like smart capsules. Future work can extend the model
to eliminate these approximations and address applications
with more stringent localization requirements (e.g., mm level
accuracy for tumor localization in radiation therapy).

• We made our best attempt to emulate human tissues by using
phantoms and dead animal tissues for our evaluation, but
we did not conduct measurements in live animals. While the
analysis and experiments should stand to be correct in living
tissue, experiments in live animals fall in the realm of future
work.

• In medical applications, typically, there is availability of
side channel information, like one-time MRI scans, that can
throw more light on the exact composition of the human body.
ReMix does not rely on such extra information, but future
work that targets specific applications with more stringent
requirements might benefit from multi-modal input data.

12 CONCLUSION

We present ReMix, the first system to demonstrate deep-
tissue backscatter communication and localization. ReMix
achieves this goal using two design principles. First, it uses
circuit non-linearities to shift the frequency of the backscatter
signal to avoid interference from surface reflections. Second, it
presents a time-of-flight localization algorithm that accounts
for in-body signal refraction. Experiments with animal tissues
and human phantoms demonstrate ReMix’s effectiveness.

13 APPENDIX

Lemma: If an EM wave travels through L parallel layers,
each with thickness, li , i = 1, ..,L; then the phase accumulated
by the EM wave is independent of the order of the layers.

Proof: Consider a 2-D system where a wave propagates
in the XY plane (similar to Fig. 5) from XT = (xT ,yT ) to
xR = (xR ,yR ). Furthermore, without loss of generality, assume
that the signal travels through L layers, stacked on top of each
other along the Y axis. For this proof, we leverage the concept
of wave vectors. Wave vector, k⃗ = (kx ,ky ), is a vector that
points in the direction of wave propagation and its magnitude
is given by, k2x + k

2
y = (2π

f

v
)2, where v = c/

√
ϵr µr is the

speed of light in the material. Further, if the wave propagation
path is denoted as another vector, r⃗ = (rx , ry ), then the phase

accumulated by the wave in travelling through r⃗ is: Re (k⃗ .⃗r ).
For layer i, let the wave vector be k⃗i = (kxi ,kyi ), the prop-

agation path be r⃗i = (rxi , ryi ), and the EM parameters be
(ϵr i , µr i ). Then, the phase accumulated by the wave is, ϕ =∑L
i=1 Re (k⃗i .r⃗i ). Now, observe ryi = li , since the total path along

the Y -axis in each layer is the depth of the layer. Also, phase
continuity at interfaces ensures that, kxi = kx j = kx for all (i, j )
[47]. Finally,

∑L
i=1 rxi = xR − xT , since we are considering the

phase for propagation from transmitter to receiver. Combining,
we have:

ϕ =

L∑

i=1

Re (kx )rxi + Re (kyi )li (18)

= Re (kx )

L∑

i=1

rxi +

L∑

i=1

(2π
f

c
)2ϵr iµr ili (19)

= Re (kx ) (xR − xT ) +

L∑

i=1

(2π
f

c
)2ϵr iµr ili (20)

Notice that Eq. 20 just depends on the depth of each layer
and is independent of the order. This implies that the phase
accumulated by an EM wave in traversing parallel stacked
layers is independent of the order of stacked layers.
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