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We present IVN (In-Vivo Networking), a system that enables
powering up and communicating with miniature sensors implanted or injected in deep tissues. IVN overcomes fundamental challenges which have prevented past systems from
powering up miniature sensors beyond superficial depths.
These challenges include the significant signal attenuation
caused by bodily tissues and the miniature antennas of the
implantable sensors.
IVN’s key contribution is a novel beamforming algorithm
that can focus its energy toward an implantable device, despite its inability to estimate its channel or its location. We
implement a multi-antenna prototype of IVN, and perform
extensive evaluations via in-vitro, ex-vivo, and in-vivo tests
in a pig. Our results demonstrate that it can power up and
communicate with millimeter-sized sensors at over 10 cm
depths in fluids, as well as battery-free tags placed in a central
organ of a swine.
The implications of our new beamforming technology extend beyond miniature implantables. In particular, our results demonstrate that IVN can power up off-the-shelf passive
RFIDs at distances of 38 m, i.e., 7.6× larger than the operation
range of the same RFIDs.

1

INTRODUCTION

There is significant interest in bringing wireless networking
capabilities to an emerging breed of in-vivo sensors and actuators [19, 37, 42]. In contrast to traditional implantable medical
devices such as cardiac pacemakers, which are relatively large
and have their own batteries, these new devices need to be
much smaller: They are swallowed or injected into the human
body and used for decoding brain circuits [21], delivering
drugs [42], or monitoring internal human vital signs [61]. Despite the attention that these devices have received from the
biomedical community, their networking capabilities are still
very limited. This owes primarily to the very low power budget of these devices as well as their miniature form factor and
biocompatibility requirements, which preclude incorporating
batteries [27, 54].
Yet, empowering these sensors with networking capabilities would create a significant leap for in-vivo devices. Let
us take the example of optogenetics, the recently developed
biological technique that enables controlling neurons using
light [21]. The vast majority of today’s optogenetic manipulators that are implanted inside a brain need to be connected to
an external source via a wire that passes through a drilled hole
in a skull [10, 66]. The wire is needed for communication and
for powering up the manipulators. State-of-the-art proposals
that do not require tethering insert a coil in the mammal’s
(e.g., mouse) skull and can only operate when the mammal is
placed inside a charged chamber of 10 cm diameter that can
deliver power to the implantable coil [50].
This paper presents IVN,1 a system that enables powering
up and communicating with in-vivo battery-free biosensors
and bioactuators. IVN introduces a multi-antenna technique
to remotely power up millimeter-sized in-vivo sensors and
communicate with them. To do so, it leverages frequencies in
the sub-GHz radio frequency (RF) range (around 900 MHz)
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stands for In-Vivo Networking
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which has been demonstrated to achieve maximal power transfer through human tissues to in-vivo sensors [28, 50]. However, in contrast to existing solutions which can only deliver
power at superficial depths or in highly constrained settings
(e.g., mouse inside a cage), IVN can power up deep-tissue
sensors and in realistic indoor environments.
The key challenge in delivering this vision arises from the
ability to deliver sufficient power to the deep-tissue in-vivo
sensors. This challenge arises from three main reasons:
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using off-the-shelf battery-free millimeter-sized sensors [8].
Our experiments were approved by the Committee of Animal
Care at MIT. Our results demonstrate the following:
• IVN can scale power delivery with the number of antennas
without channel knowledge and through multiple layers
of tissues. Moreover, in contrast to traditional beamforming/beamsteering techniques, IVN maintains its gains even
in unknown media, and delivers up to 8.5× increase in
power delivery over an optimized multi-antenna baseline.
• When tested with millimeter-sized battery-free sensors
placed in liquid, IVN can power them up and communicate
with them at depths of 11 cm. In the absence of IVN, the
sensors cannot be powered up beyond a superficial depth
of few millimeters.
• We demonstrate that IVN can effectively power up and
communicate with a deep-tissue battery-free sensor placed
in a living pig’s stomach.
• Finally, we show that IVN’s beamforming approach is general and can have significant implications to the operation
range of battery-free nodes like RFIDs. In particular, we
demonstrate how the technique can achieve 7.6× increase
in the range of powering up off-the-shelf RFIDs and demonstrate a reading range up to 38 m with RFIDs which would
otherwise be able to only operate within 5 m.
Contributions. We present the first system that can power
and communicate with deep-tissue battery-free implants from
meter-scale distances outside the body. Our key contribution
is a new beamforming technology that can focus its energy toward an implantable device, despite blind channel conditions
and significant attenuation from bodily tissues. Our design is
implemented and evaluated to demonstrate communication
with millimeter-sized sensors in living mammals.

• First, RF signals experience exponential attenuation as they
propagate through the human body [23], which significantly limits the amount of power that can be delivered to
an in-vivo sensor. Unfortunately, significantly boosting the
transmitted power neither scales well nor is safe for human
exposure [40, 57].
• Second, these miniature medical devices have very small
form factor and as a result, they rely on millimeter-sized
antennas, which have extremely low power harvesting efficiency [16, 49].
• Finally, because IVN relies on battery-free sensors, it cannot obtain channel feedback from these sensors (it needs to
power them up in the first place), and hence cannot focus
its energy in their direction using traditional means such as
MIMO beamforming. This problem is further complicated
by the fact that different human tissues have different RF
propagation characteristics (due to changing dielectric constants), leading to complicated in-vivo channels that cannot
be easily modeled.
To overcome these challenges, IVN introduces coherentlyincoherent beamforming (CIB), a new beamforming technology that can focus its energy to in-vivo sensors without
prior channel knowledge. At a high level, instead of phaseencoding the transmitted signals from multiple antennas as in
traditional beamforming, CIB frequency-encodes its signals.
Such frequency encoding enables it to focus its energy on any
point in 3D space, even in inhomogeneous media (e.g., multiple layers of tissues) and dense multipath due to reflections
off different organs.
IVN incorporates CIB into a full system that can optimally
deliver power to and communicate with deep-tissue biosensors and bioactuators. In designing CIB, we show how we can
select frequency combinations that maximize power transfer
to any point in 3D space. Our optimization function incorporates communication constraints of battery-free sensors
including modulation depth, power stability, and adaptive
duty cycling (as described in §3). We further extend IVN to
deal with self-jamming caused by CIB transmissions through
an out-of-band communication design (described in §4).
We built a prototype of IVN and tested it with battery-free
biosensors through in-vitro, ex-vivo, and in-vivo trials. Our
prototype is built using USRP software radios [7] and tested

2

THE PROBLEM

In this section, we explain the challenge in delivering energy
to power up and communicate with miniature medical devices
through deep tissues. We first describe the threshold problem
in RF power harvesting, then highlight why overcoming this
threshold is challenging for deep-tissue micro-implants.

2.1

Primer on RF Power Harvesting

We start by explaining the basic principle underlying RF
power harvesting. To harvest energy, a battery-free sensor
needs to convert RF signals in the environment into a DC
(Direct Current) voltage. The component which allows the
sensor to achieve such an RF-to-DC conversion is called an
energy harvester (or rectifier).
A simplified schematic of an energy harvester is shown in
the top left corner of Fig. 1. In its simplest form, the harvester
consists of two capacitors (C 1 and C 2 ) and two diodes (D 1 and
D 2 ). The diodes allow current to flow only in one direction
(denoted by the triangle). In particular, when the voltage
2
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Figure 2—Diode I-V curves. The curves show a diode’s current-voltage
relationship in the ideal (left curve) and realistic (right curve) scenarios.

(a) Energy harvester operation in negative cycle.

(b) Energy harvester operation in positive cycle

Figure 3—Signal power loss in tissues vs. in air. The right figure plots the
normalized loss (in log scale) as a function of distance in air and tissues.

Figure 1—Energy harvesting circuit. The energy harvester utilizes a
diode’s rectifying effect to convert energy from RF to DC voltage.

whenever the voltage across it is negative. The left plot of
Fig. 2 shows this behavior by plotting the current (I) versus
voltage (V) curve across an ideal diode.

across the diode is positive, it allows current to flow, but when
the voltage across the diode is negative, it blocks the current.
To understand how the overall energy harvester works, we
consider what happens when the RF signal alternates between
its negative and positive half-cycles:
• Operation in negative half-cycle (Fig. 1(a)): In the negative
half-cycle (i.e., Vin < 0), diode D 1 is on while diode D 2 is
off. Hence, the current flows from the ground through D 1
and builds up charge in C 1 . In the steady state, the voltage
across C 1 is Vs , which denotes the amplitude of Vin .
• Operation in positive half-cycle (Fig. 1(b)): In the positive
half-cycle (i.e., Vin > 0), diode D 1 is off while diode D 2
is on. Hence, the current flows through D 2 and charges C 2 .
In the steady state, the voltage across C 2 is 2Vs , since it is
the summation of the peak of Vin and the built up voltage
across C 1 during the negative half-cycle.
The above description is simplified in two aspects:
• First, our schematic shows a single-stage power harvester.
Today’s power harvesters are constructed in multi-stage
structure, with each stage multiplying the voltage of the
previous one. Hence, the voltage at the output of an N -stage
harvester is NVs .
• Second, the description assumes an ideal power harvester
where all the input voltage can be harvested. In practice,
however, the performance of the energy harvester declines
dramatically as the input voltage Vs decreases. This is due
to the diode threshold effect, which we explain next.
2.1.1

2.2

RF Power Harvesting in Deep Tissues

Overcoming the threshold voltage in deep tissue implantables
is challenging for two reasons. The first is the attenuation of
RF signals as they propagate in biotissues, and the second is
their miniature form factor. In what follows, we describe both
of these challenges in detail.
Practical diodes, however, do not exhibit this ideal behavior.
In particular, in order to conduct a current through a diode,
one must overcome an energy barrier, which is reflected in
the threshold voltage. Said differently, the input voltage has
to be larger than a threshold voltage Vth to turn on a diode.
Whenever the voltage drops below the threshold, the diode
switches off. As a result, the voltage that accumulates in the
negative cycle is equal to Vs − Vth , and the voltage that can be
eventually achieved across C 2 is 2(Vs − Vth ). When extending
to an N -stage energy harvester, the maximum output voltage
VDC can be written as:
VDC = N (Vs − Vth )
(1)
As can be seen from Eq. 1, due to the voltage barrier Vth ,
the energy harvester is significantly more efficient with a
large input voltage than with a small input voltage. In fact
if Vs < Vth , the energy harvester cannot harvest any energy.
For standard integrated circuits (IC) process, the threshold
voltage is usually between 200mV and 400mV [22, 26, 41].
Indeed, it is this threshold voltage that places a fundamental
limit on the operation of RF power harvesters. For example,
a passive RFID today can only be powered up if it is within

Threshold Effect

In our previous discussion, we assumed that a diode is on
whenever the voltage across it is positive, and that it is off
3

SIGCOMM ’18, August 20–25, 2018, Budapest, Hungary

(a) Threshold impact at small distance in air
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(b) Threshold impact at large distance in air

(c) Threshold impact in body

Figure 4—Impact of the threshold effect of RF power harvesting. The figure plots the voltage vs time when the sensor is (a) close to the transmitter in air,
(b) at shallow depth in tissues, and (c) in deep tissues. The figure highlights the conduction angle (i.e., when the diode is on) in purple.

5-10 m from the RFID reader [51]. Beyond this range, the
received power cannot generate enough energy to overcome
the diode threshold voltage.
2.2.1

the brain, blood stream, or in deep tissues places stringent
constraints on their overall size [27, 54]. This, in turn, constrains the size of their antennas, often to millimeter-scale (or
sub-millimeter) dimensions [28].
Yet, the ability of an antenna to harvest RF power is directly
related to its size. In particular, the receive power P L that may
be harvested by the energy-harvesting circuit can be expressed
as a function of the electric field E and the effective antenna
area Aef f as:
E2
P L = Aef f
(3)
η
where η denotes the wave impedance, which is a function of
the medium.
As per Eq. 3, the amount of energy harvested is directly
proportional to the effective area of the antenna. As an analogy, a passive RFID’s range uniformly increases with its size
(assuming proper matching) [51]. This places a stringent constraint on the power-harvesting efficiency of sensors with
antenna dimensions smaller than 1 cm.

RF Propagation in Tissues

RF signals traveling from air into biotissues experience two
sources of attenuation, which are depicted in Fig. 3:
• The first source of attenuation arises from the reflection of
RF signals at the air-tissue boundary. Due to this reflection,
only a fraction of the incident signal traverses the boundary.
For RF signals in the 1 GHz range, this results in a loss of
around 3-5 dB [36].
• The second and more significant source of attenuation
arises from the exponential loss due to propagation through
the tissue. For example, RF signals in the low-GHz range
experience a loss ranging from 2.3 to 6.9 dB/cm considering tissue a dielectric constant of 50 and a conductivity
of 1 to 3 S/m [36, 39]. This translates to a loss of 11.5 to
35.4 dB at a depth of 5 cm.

2.3

Mathematically, let us denote the distance between the
body and transmit antenna by r and the depth inside the tissue
by d (with d ≪ r ), as shown in Fig. 3. We can express the
overall amplitude of the electric field E in the biotissue as:
T A −α d
|E| =
e
(2)
r
where A is the amplitude of the transmitted signal, T is the
transmittance coefficient (i.e., the fraction that traverses the
air-tissue boundary), and α is the attenuation constant of
the RF signal in the tissue. For different tissues, α can vary
between 13m −1 and 80m −1 [39].
Note from Eq. 2 that if the signal travels entirely in air, then
the signal attenuation is only inversely proportional to the
travel distance. However, once the signal starts propagating
in tissues, the exponential term dominates. Also note that the
above equation describes the electric field, while the received
power is proportional the E 2 , and hence degrades quadratically
in r and exponentially in d.
2.2.2

Summary

In summary, the challenge of in-vivo battery-free networking
arises from two competing factors. On one hand, due to the
threshold effect, the energy harvesting efficiency is highly
sensitive to the signal amplitude. On the other hand, the exponential tissue loss and miniature antenna form factor cause
significant attenuation.
To understand how these two factors play out, Fig. 4 illustrates what happens when a sensor is moved from air into
deep-tissues. We focus on the sensor’s conduction angle ω,
which represents the time interval when the diode is on. When
the sensor is in air and close to the RF power source (Fig. 4(a)),
the signal is well above the threshold voltage, and we have
a large conduction angle. In this case, most of the input RF
energy can be effectively converted to DC voltage, and the
overall energy harvesting efficiency is high. When the sensor is placed at shallow depths in a tissue (Fig. 4(b)), the
input signal amplitude is attenuated but may remain above
the threshold voltage. The conduction angle is smaller than
in Fig. 4(a). In this case, the percentage of the input signal
power that can be effectively used is small, which decreases
the overall energy harvesting efficiency, but the system may
still operate (e.g., by duty cycling the sensor’s operation so

Miniature Antenna Size

The second challenge for harvesting energy in deep tissues
arises from the miniature form factor of microimplants. In
particular, the desire to implant or inject medical devices into
4
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(a) Traditional beamforming under unknown channel conditions.

(b) IVN’s CIB technique under unknown channel conditions.

Figure 5—Comparing traditional beamforming to IVN’s CIB under blind channel conditions. (a) Traditional beamforming employs coherent frequencies
which are unlikely to combine constructively without channel feedback. (b) IVN’s CIB transmits synchronized commands at multiple incoherent carriers; this
results in boosting the peak power and overcoming the threshold effect at the sensors’ energy harvester without the need for channel information.

• Tissue inhomogeneity: As Fig. 5 shows, RF signals traveling from air to a sensor traverse different media, including multiple layers of tissues (including skin, fat, muscles,
etc.). These signals may also experience multipath as they
reflect off different organs before arriving at the sensor.
This makes it intractable to predict hi . In contrast, in a
homogeneous medium, one can easily model the propagation characteristics and predict the relationship between
different hi ’s.
• Battery-Free Nature: In principle, one could overcome this
challenge by directly estimating the channel between the
transmitter and the receiver. However, channel estimation
requires powering up the battery-free sensor in the first
place, which is infeasible when the sensor is in deep-tissue.
Hence, IVN must beamform under blind channel conditions.

that it may accumulate sufficient energy before communication or actuation). However, when the sensor is placed deep
inside a tissue (Fig. 4(c)), even the peak value of the input
voltage drops below the threshold. In this scenario, the conduction angle becomes zero and no energy can be harvested.

3

OUR DESIGN

IVN is a system that enables wireless power delivery and
communication with deep-tissue miniature medical devices.
Its key innovation is a new beamforming algorithm that can
focus its energy toward an in-vivo sensor. The focused energy
allows the sensor to overcome the threshold voltage despite
RF attenuation and despite the sensor’s miniature size.
In this section, we highlight the need for this new beamforming algorithm for in-vivo battery-free sensors, and describe IVN’s algorithm.

3.1

3.2

Beamforming for In-Vivo Battery-Free
Sensors

Coherently-Incoherent Beamforming

To overcome the above challenges, IVN introduces a novel
beamforming technology: coherently-incoherent beamforming (CIB). Similar to traditional beamforming, CIB employs
multiple antennas. However, CIB is unique in that it can focus
energy from its antennas even under blind channel conditions.
As indicated in its name, CIB has two key properties:
• First, CIB’s communication process is coherent, meaning
that the commands transmitted from all the antennas are
the same, and all antennas transmit their commands at
the exact same time (synchronously). This is important
because battery-free sensors decode by detecting energy
levels; hence, the transmissions need to be synchronized in
order for the sensors to observe the same energy envelopes
across the different transmit antennas.
• Second, CIB’s wireless channel is designed to be incoherent, meaning that the frequencies transmitted from the
antennas are different. The frequency discrepancies emulate a time-varying channel, and IVN exploits the the
time-varying characteristics to enable power delivery even
under blind channel conditions as we explain next.

Similar to standard beamforming algorithms, IVN leverages
multiple antennas to focus its energy toward an in-vivo sensor.
Fig. 5(a) shows the architecture of a standard beamformer
with multiple transmit antennas. The signals transmitted from
the different antennas traverse slightly different paths before
arriving at the sensor. Hence, they experience different channels. The goal of a beamformer is to precode these transmitted
signals so that they constructively interfere at the receiver,
maximizing the received energy.
Mathematically, if we denote signal transmitted from antenna i by x i , and the channel experienced by that signal as
hi , we can express the signal received at the in-vivo sensor as:
Õ
y=
hi x i
(4)
i

Hence, in order to maximize the received energy, IVN should
estimate the channels hi and set x i = hi∗ .
Unfortunately, channel estimation is infeasible in the context of in-vivo battery-free networking for two reasons:
5
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3.3

Best Frequency

CIB’s Basic Formulation

i=1

Worst Frequency

1

Next, we formally define the operation of a CIB beamformer.
Consider a beamformer with N transmit antennas. For simplicity, let us assume that each antenna sends a single frequency fi (In practice, IVN can modulate its command atop
the carrier frequency). Because the frequencies are generated
by different oscillators (PLLs), the transmitted signals have a
random initial phase offset θ i . At the receiver, each signal will
experience a phase rotation ϕ i which depends on the channel
from the transmit antenna. Hence, we can write the received
signal at the receiver as:
N
N
Õ
Õ
y(t) =
e j(2π fi t +θ i +ϕi ) =
e j(2π fi t +βi )
(5)
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Power Gain of 5-Antenna Transmitter

Figure 6—CIB’s power gain from a 5-antenna transmitter. The figure
plots the CDFs of the best (purple) and worst (green) frequency combinations
from monte-carlo simulations across different channel conditions.

i=1

Since θ i is sampled uniformly at random, βi = θ i + ϕ i is
sampled from a uniform distribution over [0, 2π ].

3.4
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Note that the average received energy is the same across both
encoding schemes (phase-based and frequency-based). The
key advantage of frequency-based encoding in CIB, however,
is that it can achieve higher peaks, which enables the in-vivo
sensor to overcome its threshold voltage. Effectively, this
beamforming technique focuses its energy over a short period
of time and duty cycles the energy.
In addition, we make the following observations about CIB:

Overcoming the Threshold Limit

To understand why CIB’s formulation allows us to overcome
the threshold limit, let us compare its operation to that of a
traditional beamformer under blind channel conditions. As
shown in Fig. 5(a), in traditional beamforming, the signals
transmitted from different antennas (shown in blue, red, and
green) all have the same frequency. Hence, the combined
signal that arrives at the sensor will also have the same frequency, and the amplitude of that frequency will depend on
the (unknown) channels. In such a scenario, the beamformer
will always encounter blind spots, i.e., locations inside the
body where the signals will add up destructively and hence
be unable to deliver power.
Now let us consider what happens with CIB. As shown in
Fig. 5(b), the signals transmitted from its different antennas
(shown in blue, red, and green) all have different frequencies.
Hence, the signal that arrives at the sensor (shown in black)
will have a time-varying envelope. This time-varying envelope
is desirable for multiple reasons:
• First, it provides an opportunity to overcome the threshold
voltage (as shown in Fig. 5(b)). In particular, since the
different signals have different frequencies, their phases
will shift with respect to each other over time, providing
opportunities for constructive (and destructive) interference
at any given location. This allows the sensor to harvest
energy during periods where the voltage is larger than the
threshold (marked by pink regions).
• Second, if we consider another set of βi′s (i.e., another point
inside the body or another combination of initial phase
offsets), the sensor will also have opportunities for constructive interference, which may peak above the threshold
voltage. This means that CIB can charge sensors at different points inside the human body using the same set of
frequency combinations, albeit each sensor experiences the
peak voltage at a different point in time.

• The maximum achievable peak in CIB is N (when the
signals from all the antennas constructively interfere at
some point in time). Hence, the maximum power gain is
N 2 . Note that even if we keep the same power budget (i.e.,
multiply the amplitude
of the transmitted signal from each
√
antenna by 1/ N ), CIB would still provide a N × power
gain. This gain matches that of traditional beamforming,
but CIB achieves it even under blind channel conditions.
• One might wonder if CIB could be employed as a replacement to prior beamforming approaches (e.g., antenna-arraybased beamforming). The answer depends on the problem
domain. In particular, CIB addresses different constraints
and harnesses different opportunities in comparison to
other beamforming technologies. For example, MIMO or
antenna array beamforming is desirable in wireless communication, as it enables sustaining high signal-to-noise
ratio (SNR) and hence throughput during an entire communication session, but it requires channel estimates. In
contrast, CIB can deliver the peak power to any point in 3D
space, but over a short period of time and in blind channel
conditions. Hence, it is more appropriate for powering up
battery-free sensors when the channel is unknown.

3.5

Impact of Frequency Selection

One may ask whether an arbitrary frequency selection for
CIB would enable it to achieve the N 2 peak power gain. To
understand the impact of CIB’s frequency selection, we run
monte-carlo simulations, where we study the behavior of
two random sets consisting of 5 frequencies under random
6
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channel conditions. For each sampling point, we choose a
random initial phase βi for each frequency in order to emulate
the blind channel conditions. We then measure the peak power
from the maximum value of y(t) over time.
Fig. 6 plots the CDFs of the peak power gains from the two
different frequency sets. The figure shows that the two sets
exhibit drastically different performance. In particular, the
blue curve corresponds to a set which can achieve 90% of the
optimal performance across all possible channel conditions.
On the other hand, the green curve shows a frequency selection where across more than half the channel conditions, the
power gain is smaller than 75% of the optimal performance.
Hence, the performance of CIB is highly dependent on the
selected frequency combination.

3.6

order for the backscatter nodes to correctly decode, we must
ensure that the received waveform satisfies the fluctuation
constraint. Formally, if we define Amax as the largest amplitude and Amin as the minimum amplitude, we need to satisfy
the following condition:
(Amax − Amin )/Amax ≤ α
(7)
where α is defined as the percentage fluctuation. One should
ensure that α < 0.5. This is because the sensor’s energy
detector uses half the amplitude difference as the decoding
threshold to differentiate between bits 0 and 1.
Now let us consider the case of envelope degradation from
ÍN (j(2π ∆fi t +∆βi ))
the highest possible peak. Define Y (t) = i=1
e
as the envelope of beamforming signal and assume that at
time t 0 , the phases of all the carriers are perfectly aligned,
giving the highest possible peak. That is 2π ∆fi t 0 + ∆βi ≡ 0
(mod 2π ) for i = 1 . . . N , so that Y (t 0 ) = N . Let the ∆t denote
the duration of the query command. Then, at t 0 + ∆t, if ∆t is
relatively small, we approximate Y (t) to the first order Taylor
series expansion as:
!
N
N
Õ
Õ
Y (t 0 + ∆t) ≤
cos (2π ∆fi ∆t) ≤ N − 2π 2 ∆t 2
∆fi 2

Objective Function

In order to determine the optimal frequency combination that
yields the highest peak power, we formulate the task as an
optimization problem:
"
#
N
Õ
j(2π f i t +β i )
arg maxEβ max
e
(6)
f 1, ..., f N

t

i=1

i=1

i=1

(8)
Y (t 0 ) − Y (t 0 + ∆t)
≤ α, which leads to
Y (t 0 )
N
1 Õ
α
∆fi 2 ≤
(9)
2
N i=1
2π ∆t 2
Eq. 9 shows that the mean square of ∆fi should be constrained
to allow more smooth transition at the peak power. For a
typical RFID reader’s query, ∆t ≈800µs. Hence, the root
mean square of ∆fi should be less than 199Hz.
Putting the above constraints together, the problem in Eq. 6
can be solved by the following two steps:
• First, we select the optimal center frequency f 1 based on
the system hardware constraints such as antenna impedance
matching, power amplifier bandwidth, etc.
• Second, we then choose the optimal frequencies fi =
f 1 + ∆fi by solving the following constrained heuristic
optimization problem:
"
#
N
Õ
j(2π ∆f i t +β i )
max Eβ max 1 +
e

where β = (β 1 , β 2 , . . . , β N ) and E[·] indicates expectation.
Said simply, our goal is to find the frequency selection that
maximizes the expected peak power over all possible channel
conditions. We note that this optimization problem is not
convex and hence it is not easily solvable.
Observe that the optimization problem in Eq. 6 does not
depend on the absolute frequency values fi but rather on
ÍN (j(2π fi t +βi ))
the frequency offsets. This is because i=1
e
=
ÍN (j(2π ∆fi t +∆βi ))
where ∆fi = fi − f 1 and ∆βi = βi − β 1 .
i=1 e
Hence, solving the optimization problem is equivalent to
finding the optimal set of frequency differences ∆fi .
In addition to maximizing the peak power, CIB’s frequency
selection has to satisfy the following two constraints that arise
from the communication nature of the problem:

from Eq. 7, we have

(a) Cyclic operation: In health sensing applications, it is
desirable to continuously monitor physiological conditions.
Assume that we would like to obtain a sensor response every
T seconds. Then, to ensure that CIB delivers its peak power
every T seconds, we must satisfy two constraints:
• T must be divisible by all 1/∆fi for all i = 2 . . . N .
• The maximization function is computed over 0 < t < T
Without loss of generality, we can assume that T = 1 s, and
hence restrict ourselves to integer ∆f ’s.

∆f 2, ..., ∆f N ∈N

s.t .

0≤t ≤1

i=2

N
α
1 Õ
∆fi 2 ≤
2
N i=2
2π ∆t 2

(10)

To solve the above optimization function, IVN performs a
one-time monte-carlo simulation (as we explain in §5).2 Once
optimal frequency selection has been determined, IVN modulates its downlink commands atop the carrier frequencies and
sends them synchronously from multiple antennas.

(b) Query amplitude flatness: The second constraint arises
from the operation of a backscatter sensor. Specifically,
backscatter sensors decode the downlink query command by
envelope detection. As a result, they can tolerate only a small
fluctuation in the amplitude of their received signal. CIB,
however, introduces amplitude variation by design. Hence, in

2 Note

that this simulation needs to be solved only once, since it optimizes
for all channel conditions.
7

SIGCOMM ’18, August 20–25, 2018, Budapest, Hungary

3.7

CIB antennas

Further Discussion of CIB’s Design

Below, we describe some of the powerful features of CIB as
well as potential extensions of its core design:
• Powering and communicating with multiple sensors: Our
above discussion focused on a single sensor. However, in
principle, IVN’s communication can seamlessly scale to
multiple in-vivo sensors. This is because a CIB beamformer
scans 3D space through its time-varying channel. In order to avoid collision between multiple sensors, IVN can
leverage a variety of techniques from standard backscatter
communications. For example, it may incorporate a select
command into its query [3], specifying the identifier of
the sensor it wishes to communicate with. If this results in
elongating the query command, it can incorporate this into
the ∆t constraint of Eq. 10.
• Robustness to multipath and mobility: CIB’s design is inherently robust to phase changes caused by channel variations,
including those caused by multipath, medium homogeneity,
and mobility. However, the formulation of Eq. 10 assumes
that all the frequencies lie within the coherence bandwidth
(i.e., it does not account for frequency-selective fading). In
some scenarios, all the frequencies may experience multipath fading. While CIB can still provide the same gain in
these scenarios, the overall power delivered will be lower.
An extension of this design may adaptively hop the center
frequency to a different band to improve performance.
• Optimizing power transfer with depth knowledge: One
might wonder why CIB chooses to optimize for the peak
power rather than maximizing the conduction angle (depicted in Fig. 5), which could improve the overall power
transfer efficiency. The challenge with maximizing conduction angle, however, is that it requires a priori knowledge
of the attenuation. For example, if IVN underestimates the
attenuation, then it might not be able to deliver sufficient
power to excite the sensor. In practice, one may extend CIB
into a two-stage design. The first stage involves a discovery
process where it optimizes for peak power; then, once it
has determined the overall attenuation, it can switch to a
steady stage where it maximizes the conduction angle.

4
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Out-of-band
reader

depth

miniature
battery-free
sensor

Figure 7—IVN’s setup with a miniature battery-free sensor in liquid. A
sample experimental setup where the millimeter-sized RFID was placed
inside a tank filled with water.

frequency-agnostic, once a backscatter node (e.g., RFID) is
powered up, a reader may sense and decode its response at a
different carrier frequency. Note that in contrast to past work
which uses this technique to enable wideband sensing for
localization, our out-of-band reader leverages this technique
to reduce self-interference. In particular, IVN’s out-of-band
reader transmits and receives coherently at a carrier frequency
that is different from those employed by CIB’s transmitters.
This enables the reader to filter out the jamming signal and
decode the response out-of-band.

5

IMPLEMENTATION

We describe the different components of our prototype implementation of IVN, shown in Fig. 7.
(a) CIB Beamformer: We built IVN’s multi-antenna beamformer on USRP N210 software radios [7] with SBX daughterboards [5]. The output of each USRP is fed into a
HMC453QS16 power amplifier, whose 1-dB compression
point is 30dBm. Each amplifier is then connected to MT242025, a 7 dBi RHCP RFID antenna [4]. Unless otherwise
noted, most of our evaluation is performed with eight USRPs.
The USRPs are all connected to a CDA-2900 Octoclock with
a 10MHz reference clock and a PPS synchronization pulse
signal [2]. At the backend, all the USRPs are connected via
Ethernet cables to a 64-bit machine running Ubuntu 16.04.
We implemented the beamforming algorithm and concurrent data communication directly into the USRP’s UHD driver
in C++. The communication follows the standard RFID protocol and is adapted from [34]. Each USRP is programmed
to transmit at a different frequency. The center carrier is
chosen at 915MHz and the relative frequency differences
∆fi (i = 1 . . . 10) are 0, 7, 20, 49, 68, 73, 90, 113, 121 and
137Hz, respectively.3 The USRPs synchronously transmit
their commands at their respective frequencies. Frequency
selection is performed as per our description in §3.6. Note that
since USRPs cannot stably generate small frequency offsets,

JAMMING-FREE COMMUNICATION

A key challenge in enabling communication in the presence
of CIB beamforming arises from self-jamming. Specifically,
since the transmitted signals may combine constructively both
at the sensor and at IVN’s receive antenna, they may saturate its receiver and prevent it from decoding the backscatter
sensor’s response.
To overcome this jamming problem, IVN employs an
out-of-band reader, which enables it to filter out the selfjamming from CIB’s transmit antennas. The out-of-band
reader is inspired by recent work on two-frequency excitation [46]. Specifically, since backscatter modulation is

3 We

obtain these frequencies using a one-time simulation. The overall simulation time in MATLAB on a standard workstation with an Intel Core i7
processor is less than 5 mins.
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Figure 8—IVN’s setup for long-range communication. Our setup for testing IVN’s communication range with a battery-free RFID in line-of-sight.

1

2

3

4

5

6

7

8

9

10

Number of Antenna

we soft-coded these offsets directly into the complex numbers
before sending them to the USRP.

Figure 9—Gain versus number of antennas. Peak power gain is the ratio
of the peak power from the beamformer to the peak power from a signal antenna to the same location. Error bars indicate the 10t h and 90t h percentiles.

(b) Out-of-band Reader. IVN employs an out-of-band
reader to enable jamming-free communication. The reader is
implemented on two USRP N210 software radios with SBX
daughterboards, connected to MT-242025 antennas[4]. One
USRP is used for transmitting and one for receiving. To avoid
jamming from IVN’s beamformer, the reader operates at a
different center frequency than the beamformer, namely at
880 MHz. The received signal is filtered using a high-rejection
SAW filter to mitigate jamming from the beamformer.
The reader is time-synchronized with the beamformer and
synchronously transmits its same commands. This ensures
that the commands do not collide at the sensor, and that the
reader’s signal does not compromise the modulation depth.
The receiver measures the backscatter sensor’s response as
it replies to the beamformer’s command. To compensate for
the large attenuation in tissues, the reader averages responses
over 1-second intervals. This constitutes the period of CIB’s
envelope, and allows the IVN to coherently combine the
backscatter responses to boost the SNR. The reader then uses
a standard RFID decoder in MATLAB adapted from [34] and
operates on the averaged signal.

6.1.1

IVN’s Power Gain in Blind Channel Conditions

Recall that the goal of IVN’s beamformer is to boost the peak
power received at a sensor so that it overcomes its threshold
voltage. So, to evaluate the effectiveness of IVN, we compare
the peak power with and without its beamforming algorithm.
We perform our peak power measurements using a dedicated USRP receiver with an RFX900 antenna.4 The USRP
collects measurements for 2-second intervals (i.e., well over
the duty cycling period of the beamformer). We post-process
the captured signal in MATLAB and identify its maximum
peak. We then compute the power gain as the square of the
ratio between the peak amplitudes with and without CIB.
(a) Gain vs Number of Antennas: We perform our first set
of experiments in a setup similar to Fig. 7. In these experiments, we fixed the distance between the beamformer and the
edge of the container to around 0.5 m. We conduct 150 experimental trials in total. In each trial, we change the location
and orientation of the receive antenna and compute the power
gain as described above.
Fig. 9 plots the median, 10th , and 90th percentile of nominal power gain as a function of the number of beamformer
antennas. We make the following observations:
• The power gain monotonically increases as the number
of antennas increases from 1 to 10, and achieves a gain
as high as 85× with 10 antennas. This demonstrates that
IVN’s beamformer can indeed boost the peak power of the
received signal even in blind channel conditions.
• IVN cannot always achieve the optimal peak power gain
of N 2 . This is because the frequency combination is not
guaranteed to always achieve the highest maximum as
shown in Fig. 6.

(c) Battery-free Sensors: We evaluate IVN with two types
of commercial battery-free backscatter nodes. The first is
a standard RFID tag, the Avery Dennison AD-238u8 [1].
The tag measures 1.4 cm × 7 cm and is shown in Fig. 8. The
second is a miniature RFID tag, the Xerafy Dash-On XS RFID
tag [8]. The miniature tag measures 1.2 cm × 0.3 cm × 0.22 cm
and is shown in Fig. 7. In all our liquid, in-vivo, or ex-vivo
evaluations, the tag is placed in a test tube as shown in Fig. 7.
This ensures that the medium immediately surrounding the
tag is matched to its antenna impedance. Note that this is
not a requirement if the antenna is designed to match for the
surrounding medium [49].

(b) Gain vs Distance and Orientation: Next, we would like
to understand the impact of distance and orientation of the
receive antenna on the peak power gain. Hence, we fix the
number of transmit antennas to 10 and repeat the above experiments at different locations and orientations. Figs. 10(a)

6 EVALUATION & RESULTS
6.1 In-Vitro and Ex-Vivo Evaluation
We start by reporting our results from in-vitro and ex-vivo
evaluations. These experiments include tests performed in
simulated fluids and in animal tissues.

4 The
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Figure 11—Gain across different media. The figure plots the gains of CIB
(in purple) and a baseline 10-antenna beamformer (in green) over a singleantenna setup. Testing was performed in different types of simulated fluids
and animal tissues. Error bars indicate 10t h and 90t h percentiles.

(b) Power Gain vs Orientation

Fraction of Measurements

Figure 10—Power gain vs receive antenna position in water. The figure
shows the peak power gain for a 10-antenna CIB to a single antenna transmitter. Error bars represent 10t h and 90t h percentiles.

and (b) plot the median, 10t h and 90t h percentile of the power
gain vs distance and orientation respectively. The figures show
that the gain from IVN’s beamformer remains stable across
the different configurations and hence is independent of the
distance and orientation of the receive antenna. This result
is expected since CIB is inherently blind to channel conditions. It is important to note that while the gain is relatively
uniform across different locations, the overall power received
decreases with depth due to increased path loss.
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Figure 12—Gain of CIB over traditional coherent beamforming. The
figure plots the CDF of the ratio of the received power using CIB to that
using coherent beamforming, both with 10-antenna transmitters.

(c) Gain vs Different Media: Next, we investigate whether
IVN’s power gains extend to different media. We repeat the
same experiment as above, but this time we place the receive
antenna in different media: air, water, 1 L of simulated gastric
fluid [6], 1 L of simulated intestinal fluid [6], 20 cm-thick
steak, 20 cm-thick bacon, and 20 cm-thick chicken breast.
We compare IVN’s gain to that of a baseline. The baseline also employs 10 antennas, similar to IVN’s beamformer.
However, since the transmitter does not know the channel, the
baseline cannot focus its signal toward the receiver.5
We run 100 experiments in total. In each experiment, we
change the location of the receive antenna. We plot the median, 10t h , and 90th percentile of the gain for both CIB and
the baseline in Fig. 11. We make the following observations:

• The gain is independent of the medium of operation. Recall
from §3.7 that this result is expected since CIB’s gain is
agnostic to the channel.
(d) Understanding the gain vs a 10-antenna baseline
transmitter: Next, we ask whether IVN can outperform a
10-antenna baseline at every single location. Hence, from every location measurement, we compute the ratio of the peak
power of CIB to that of the baseline. Fig. 12 plots the CDF
as a function of the power ratio in log scale. We make the
following observations:
• CIB outperforms the baseline 10-antenna transmitter across
over 99% of our experimental trials. This can be explained
by multiple factors. First, the probability of the baseline
having all its transmissions aligned at the receiver is exponentially low in the number of antennas. And second, CIB’s
frequencies are selected in a manner to maximize the expectation of the gain. Hence, the probability of constructive
interference is extremely high by design.
• CIB achieves a median gain of around 8× over the baseline.
This matches the results of Fig. 11.
• Finally, yet most importantly, CIB can achieve power gains
more than 100× over the 10-antenna transmitter in certain
locations. The underlying reason is that a 10-antenna transmitter may destructively interfere at various locations in
3D space. Unlike CIB, it has no mechanism of changing

• IVN maintains its power gain across all the different media.
Specifically, it achieves around 80× peak power boosting
in comparison to a single-antenna transmitter.
• The baseline 10-antenna transmitter achieves a median gain
of 10×. This gain comes entirely from increasing the total
amount of power transmitted.6
5 We

compared the performance of our baseline with coherent beamforming. Our results showed that while coherent beamforming outperforms our
baseline transmitter in the air with line-of-sight testing, the performance
difference is negligible across other media. This result is expected because
coherent beamformers cannot capture the phase changes which RF signals
experience as they travel across different media.
6 Note that if we maintain the same power budget as a 1-antenna transmitter,
√
it would only achieve 10 gain.
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Figure 13—Range vs number of antennas. We plot IVN’s range as a function of antennas for standard and millimeter-sized tags both in air and in water.

its channel over time. Hence, in these scenarios, the 10antenna transmitter will have a power loss in comparison
to a 1-antenna transmitter.
6.1.2

•

IVN’s Range Gain

So far we have demonstrated that CIB delivers significant
power gains even in blind channel conditions. Next, we evaluate the benefit of these gains in increasing the communication
range (and depth) of battery-free RF sensors.
We consider two types of experimental environments,
shown in Fig. 7 and Fig. 8. In the first setup, we are interested
in evaluating the depth at which IVN allows us to power up
and communicate with a sensor inside water. This evaluation
is helpful for understanding in-vivo performance since biotissues have high water composition. Note that in this setup,
the beamformer antennas are placed at a distance of 90 cm
from the edge of the water tank. In the second setup, we are
interested in evaluating the range at which IVN can power up
and communicate with a sensor in air. We experiment with
the two types of sensors described in §5: a miniature sensor
and a standard off-the-shelf RFID tag.
We perform 96 experimental trials in total. We vary the
number of antennas used by IVN’s beamformer and measure the maximum range of operation for both types of tags
and in both evaluation setups. We determine the maximum
range (depth) as the one where the reader can decode the
tag’s RN16. Once we have identified the maximum range, we
repeat the experiment 3 times to ensure that the tag may still
communicate.
Figs. 13(a)-(d) show our results. We plot the maximum
range of the operation on the y-axis versus the number of
antennas used by the beamformer on the x-axis. We make the
following observations:

•

•

•

related to the peak power gain which enables the energy
harvester to overcome its threshold voltage.
For the in-air experiments, the maximum range for both
types of tags increases by about 7.6× with 8 antennas. By
comparison, the power gain from 8 antennas is around 55×
as per Fig. 9. These two measurements are theoretically
compatible because power decays quadratically
with range
√
in air; hence, the expected range gain is 55 ≈ 7.4.
Considering the absolute distance numbers in line-of-sight
also reveals an impressive performance. In particular, with
8 antennas, IVN can power up an RFID at a range 38 m,
while this range is only 5.2 m with a single antenna. This
result has implications beyond in-vivo communication and
holds the potential to advance RFID-based services like
localization and inventory control.
Most importantly, the in-water experiments demonstrate
that IVN can provide substantial benefits. In particular,
without CIB beamforming, neither the small nor the standard tag can be powered up. However, with an 8-antenna
CIB prototype, we can communicate with a standard tag at
23 cm depth and with a miniature tag at 11 cm depth.
Finally, note that the relationship between the depth and
antenna number is logarithmic, which is expected since RF
signals experience exponential loss vs depth in water.

6.2

In-Vivo Evaluation

Finally, we conduct in-vivo experiments to evaluate IVN’s
ability to power up and communicate with implantable
battery-free sensors.
Animal Preparation: All procedures were conducted in accordance with protocols approved by our institution’s Committee on Animal Care. In vivo porcine studies were performed in a female Yorkshire pig weighing 85 Kg. The
pig was fasted overnight prior to the procedure. Sedation

• The operation distance (range, depth) increases monotonically with the number of antennas. This increase is directly
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(a) Standard tag placed in stomach
Figure 14—Swine Experiment. Battery-free tags were implanted inside a
living swine to test IVN’s ability to deliver power and communicate. We
evaluated subcutaneous (under the skin) and intragastric (inside the stomach)
placements.

was performed by intramuscular injection of Telazol (tiletamine/zolazepam) 5mg/kg, xylazine 2mg/kg, and atropine
0.05 mg/kg, prior to intubation. Anesthesia was maintained
with isoflurane at 1-3%. A laparotomy was performed using
a ventral middle line incision from the xiphoid to the pubis.

(b) Miniature tag placed subcutaneously
Figure 15—Measured response from implantable sensors. We plot the
time-domain signals received from the sensors and the decoded bits.

• In the subcutaneous evaluation, IVN was successful in
powering up the standard and miniature tag across all the
experimental trials. A sample output is shown in Fig. 15(b)
demonstrating the tag’s response.
These results demonstrate the potential of IVN for enabling
in-vivo networking.

Methods: We evaluate IVN with sensors implanted in the
two locations shown in Fig. 14:
• In the first set of experiments the standard tag (placed in
15 mL falcon tube) as well as the miniature tag (placed in a
plastic tube, dm: 1 cm) were placed in the stomach through
a 3 cm incision. Readings were taken with all antennas
being positioned 30-80 cm lateral (left side) to the animal
such that they were in line with the coronal plane.
• Following euthanization, subcutaneous performance of
both devices was evaluated by subcutaneous placement
(left side, placement and reading as described above).
To evaluate reproducibility, all placements were performed at
least three times. In each experiment, we remove the RFID
and place it back, changing its location and orientation inside
the swine’s body.
To evaluate whether IVN is able to power up the RFID,
we correlate the responses with the RFID’s known 12-bit
preamble "110100100011" (FM0 encoding). Communication
is successful if the highest correlation is larger than 0.8.

7

RELATED WORK

IVN is related to prior work in three areas: energy harvesting
bioelectronics, beamforming algorithms, and backscatter networking. In contrast to past work in these areas, IVN is the
first to bring the benefits of MIMO beamforming to in-vivo
battery-free sensors. This enables powering up and communicating with deep-tissue miniature implantable devices, without requiring the transmitter to be in direct contact or close
proximity to the body.
Energy-harvesting bioelectronics. Past work in this area
broadly falls in two main categories: self-powered and
wirelessly-powered implants. Self-powered devices harvest
energy from the body using thermoelectric [29], piezoelectric [20, 65, 68], biopotential [47], or glucose [15, 53] power
extraction techniques. While attractive, these techniques suffer from being anatomically specific. For example, piezoelectric harvesters are most efficient near joints where there
is more motion but they are less effective in internal organs where their ability to harness power is limited to subµW /mm 2 [27].
The desire to create battery-free devices that are not limited to specific regions of the body has led researchers to
explore wireless power transfer [12, 38]. The majority of wirelessly powered implantables rely on near-field coupling [55],
where a coil inserted inside a mammal can be wirelessly powered from a transmit coil right outside the mammal’s body.
Such power delivery has been demonstrated for cochlear implants [48] and RFIDs implanted under the skin [17]. The

Results: We summarize our results below:
• In the gastric placement, IVN could establish communication with the standard tag in half of the six experimental
trials. A sample output from these experiments is shown in
Fig. 15(a), where it shows the captured waveform and the
decoded bits. This result demonstrates that IVN is indeed
capable of powering up and communicating through deeptissues. We suspect that in the experiments where we could
not establish a communication session, the tag may have
moved due to the swine’s breathing motion or it may have
been misoriented with respect to CIB’s antennas.
• IVN was unable to establish communication with the miniature tag when placed inside the stomach. This can be explained by the fact that the tag’s miniature antenna precluded harvesting sufficient energy for powering up.
12
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main challenge with this approach, however, is that it suffers from a large coil-to-distance ratio [64]. Said differently,
it either requires implanting large coils with a diameter of
few centimeters [13] or it can only operate at very superficial depths [50, 64]. This is why practical implementations
that leverage this technology for millimeter-size devices are
limited to depths smaller than 1 cm [11, 27].
To enable deep-tissue power delivery, researchers have recently proposed new approaches like midfield [9, 50] and ultrasonic [14] power transfer. While these systems can achieve
greater depths, they still constrain the distance between the
transmitting coil/radiator and the body instrumented with the
implantable. A state-of-the-art midfield device, for example,
can only operate if a mouse is placed within a RF resonant
cavity of 10 cm diameter [50]. Other proposals using midfield [9] and ultrasonic powering [14] require direct contact
between the transmitter and the human body.
IVN’s fundamental contribution, CIB, is orthogonal to
these recent advances in wireless power delivery. In particular, by demonstrating how one could beamform transmissions from multiple antennas to a battery-free device without
channel knowledge, IVN can deliver power to deep tissues
(>10 cm), even if the transmitter is placed more than a meter
away from the body. While our particular implementation
has been demonstrated in the far field, the algorithmic framework may be extended to other domains like the midfield by
incorporating their respective channel models and devices.

which aim to operate under blind or partially-blind channel
conditions. In contrast to IVN, however, prior techniques
require cooperation from a receiver – which needs to be powered up in the first place – in order to realize their beamforming gains. In particular, they either require channel feedback
from the receiver (for opportunistic beamforming) or require
the receiver to manipulate the received signal (for blind source
separation). While IVN is motivated by these techniques, it
can realize beamforming gains without any receiver cooperation, enabling it to operate with battery-free sensors. To do so,
it formulates a new optimization problem that maximizes peak
power across space, while accounting for communication constraints of backscatter designs. As a result, it demonstrates the
first blind beamformer that can power up and communicate
with miniature battery-free devices inside living mammals.
Backscatter Networking. Recently, the topic of backscatter networking has garnered significant attention from the
networking community [30, 43–45, 69, 72]. Much research
has been done to increase the throughput [70, 71] and coverage [60] of these systems and enable them to backscatter
different types of signals like WiFi [35], Bluetooth [31], and
TV signals [43]. These systems rely on RF power harvesting in the far-field, and hence still need to receive sufficient
power from a transmitter in order to power up. State-of-the-art
systems like HitchHike [30, 43, 69] all require the batteryfree node to be placed within 3-8 m from the transmitter
to harness enough power. This range limitation is similar
to RFIDs. LoRa backscatter can achieve larger range but it
requires a 10 cm2 battery [59]. Note that some backscatter
systems can operate at a larger distance by harnessing power
from TV stations that broadcast MegaWatts of power [43] and
by leveraging large 6 dBi antennas [52]. Naturally, however,
bringing megaWatt transmitters indoors to power up in deep
tissue is neither FCC compliant nor safe for human exposure [50]. IVN is motivated by these recent advances but is
fundamentally orthogonal to them. In particular, by enabling
blind-channel beamforming, it brings the benefits of MIMO
beamforming for battery-free backscatter nodes. Moreover,
its intrinsic duty-cycled operation makes it FCC compliant
and safe for human exposure. Hence, it presents the first system that can enable communication with backscatter nodes in
deep tissues.

Beamforming algorithms. Beamforming algorithms leverage multiple transmit antennas (or coils) to focus their energy
toward a receiver of interest. Existing beamforming algorithms fall into three main categories: MIMO, antenna array,
and magnetic. MIMO beamforming focuses energy by inverting the estimated channel between the transmitter and the receiver [24]; however, channel estimates can only be obtained
if the receiver is powered up in the first place. Hence, while it
has been used extensively in wireless communications, it is
not applicable for battery-free devices. Antenna-array beamforming operates by precoding its transmissions to focus energy in a specific spatial direction or angle [18, 33, 62, 67].
While such precoding can be easily derived in homogeneous
media, it becomes intractable with multi-layer tissues, making this technique impractical for in-vivo devices. Finally,
MagMIMO is a recently proposed technology that can beamform in the near field [25, 32]. Near-field powering, however,
suffers from a large coil size-to-distance ratio as mentioned
above. Hence, the technology is more applicable to cellphones
which can incorporate larger coils than to deep-tissue power
delivery to miniature implantable devices.
IVN’s beamformer is inspired by seminal work in the areas
of blind source separation (often called algebraic blind beamforming) [18, 56, 62] and opportunistic beamforming [58, 63],
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