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ABSTRACT
Advances in flexible conductive substrates such as conductive wall-
paper and paint present new opportunities for optimizing the per-
formance of IoT nodes in smart homes and buildings. In this paper,
we explore an unconventional use of such substrates for pulling
frequencies of oscillators across IoT devices and wireless front-ends
connected to the substrate. We show that by using this technique,
we can replace precise crystal oscillators by lower precision and
lower cost ceramic oscillators without compromising their ability to
be used for tasks that require precise frequencies such as frequency-
synchronized multi-static backscatter and synchronized sampling.
We present an end-to-end design including a) analysis of conditions
under which frequency pulling of oscillators across conductive sub-
strates can work, b) a new technique to detect frequency locking
across oscillators without requiring explicit communication, and
c) an adaptive method that can be used to synchronize oscillators
at minimum power consumption. We then show that these ele-
ments can be composed to design a high-performance multi-static
backscatter system that performs as well as one that uses a shared
high-precision clock but at an order of magnitude less monetary
cost. We show that our system can scale and operate at very low
power, while having low complexity since it requires no explicit
interaction among devices attached to the substrate.
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1 INTRODUCTION
Flexible conductive substrates have seen significant interest in re-
cent years due to their potential to be cheaply manufactured using
additive or roll-to-roll manufacturing and their ability to conform
to three dimensional surfaces. A wide range of technologies are
being explored in this space including conductive ink [4] i.e. paints
infused with conductive particles such as silver and carbon [4], con-
ductive threads that are produced by applying conductive materials
such as silver, copper, or conductive polymers on fibers and yarns
[7], and others such as conductive paper.

While the use of such substrates has been extensively explored
from an interactions perspective, there are many unexplored oppor-
tunities from a distributed sensor systems perspective. For example,
prior work has explored the use of a conductive wall as a sensor
[8, 46] or as a living surface that responds to user touch inputs
[41, 42]. But many other opportunities remain unexplored. For ex-
ample, these substrates can possibly be leveraged to design low-cost
yet sophisticated distributed RF systems that can operate in a syn-
chronized manner for multi-static backscattering, beam forming
and RF power delivery. We may also be able to enable low-cost
synchronized arrays of microphones or imagers that are intercon-
nected with conductive substrates. More generally, we argue that
the widespread availability of conductive substrates can allow us to
re-think how distributed sensing and communication applications
are deployed in smart homes and buildings.
Sharing a Virtual Oscillator: In this paper, we explore the use
of conductive substrates to re-think a fundamental building block of
such applications i.e. low-cost yet high-precision synchronization.
To achieve this, we view conductive substrates as a carrier of low-
frequency analog signals to couple oscillators on different sensor
nodes. It is well-known that oscillator circuits can couple when
connected to each other, as long as the coupling meets certain
criteria [18]. This implies that by simply attaching oscillators on
different nodes to a low-resistance conductive substrate, we can
potentially allow them to couple with each other and pull their
clocks to the same frequency.

The ability to couple oscillators allows a group of devices that
are connected to the same substrate to share a high-precision virtual
oscillator despite being equipped with a low-precision oscillator.
Oscillators trade precision for cost (see Figure 1) — oscillators such
as a Temperature-Controlled Crystal Oscillator (TCXO) are very
expensive and power-hungry but offer high precision even under
temperature variations whereas ceramic and ring oscillators have
very high variability and drift but lower cost [5]. IoT devices have
to compromise between these two metrics with quartz crystal os-
cillators that offer a middle ground in terms of precision and cost.
Sharing a virtual oscillator over a conductive substrate offers the
best of both worlds since we can consider topologies where one
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Figure 1: More accurate temperature controlled oscillators
are expensive. COCOON enables cheap oscillators such as
voltage-controlled crystal oscillators(VCXO) or ceramic os-
cillators to have high accuracy.

node on the substrate has a more precise and more expensive mas-
ter oscillator such as a TCXO that synchronizes a number of poor
quality and very low-cost but cheap slave oscillators (e.g. ceramic
oscillators) by leveraging coupling.

A key advantage of this approach is lower cost and complexity
of deploying sophisticated communication systems. For example,
we can develop multi-static backscatter communication systems
(e.g. a network of RFID readers) that require tight synchronization
across transmitters and receivers but at a fraction of the cost since
synchronization overhead is offloaded onto the substrate. Sharing
a virtual high-precision oscillator can also greatly mitigate Carrier
Frequency Offset (or CFO) which is an unavoidable overhead in
communication systems. These offsets can be large when using
moderate or low precision oscillators that drift due to temperature,
humidity, and other intrinsic parameters. While today’s IoT nodes
use moderate-precision oscillators and independently adjust for
CFO, a conductive substrate-enhanced IoT node can use a low-
precision oscillator that is pulled to the correct frequency by an
external high-precision oscillator that is connected via the conduc-
tive substrate, thereby obviating the need for each node to use more
precise oscillators and separately perform CFO adjustment.

There are several other advantages of using conductive sub-
strates for oscillator coupling. First, it is not complex to modify
an IoT device to allow it to couple through a substrate since most
MCUs and radios can use an external clock signal as reference,
hence it is relatively easy to modify an IoT device to use an external
low-precision oscillator. Second, oscillator coupling has low over-
head compared to traditional clock synchronization methods since
it does not incur protocol or compute overhead. Third, an IoT device
only needs to leverage the substrate for oscillator pulling when
needed. Many compute and sensing tasks only require a low preci-
sion clock, so the IoT device can judiciously use the the substrate
to pull the oscillator only when communication is needed.
Contributions: In this paper, we present ourmethod,COCOON1

that makes the above idea practical i.e. we enable low-cost IoT nodes
or RF elements to share a virtual oscillator via coupling over a con-
ductive substrate (as shown in Figure 2).

1COCOON = COnductive substrate-based COupled Oscillator Networks

Figure 2: Overview of COCOON: Several low-Q oscillators
as well as at least one high-Q oscillator are connected to a
conductive substrate. The lowQ oscillators feed into a Phase
Lock Loop (PLL) which up-converts the input reference into
an RF frequency for the radio.

Our work addresses several challenges to making this idea prac-
tical. First, while the general theory of oscillator coupling is well
established, little is known about the effectiveness of coupling over
different conductive substrates or the empirical performance of
typical low-cost ceramic oscillators over such substrates. We show
through empirical measurements that multiple ceramic oscillators
on a conductive substrate can be pulled by a high-precision master
oscillator at low power (less than 1mW).

Second, we address the question of how the high-precision os-
cillator can detect that it has successfully synchronized the low-
precision oscillators. In the absence of such feedback, it not possible
to design a closed-loop system that ensures synchronization at mini-
mum power consumption. We design a novel passive measurement
technique that measures the distance from quasi-lock state in a
passive manner by just observing the frequency-domain subbands
created by the oscillators. This requires no communication across
IoT devices and the master oscillator making it easier to scale across
devices that have different radios and use different protocols.

Third, we look at how pulling a low-frequency reference oscilla-
tor can be translated into RF frequency adjustments that can enable
wireless communication. We show that we can indeed translate
frequency pulling of a reference oscillator to RF frequency via a PLL.
We show that COCOON can achieve distributed RF synchroniza-
tion with low phase error of less than 0.08 radians at a fraction of
cost of conventional solutions, thus providing a viable and low-cost
method for pulling RF frequencies to minimize CFO.

Fourth, we demonstrate an end-to-end multi-static backscatter
system that leveragesCOCOON for synchronization over a conduc-
tive substrate. We show that this system has high performance and
can achieve nearly the same performance as a wired synchroniza-
tion system that uses an Octo-Clock but that is 27×more expensive
than COCOON.
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Figure 3: Application of COCOON to multi-static back-
scatter to synchronize and cancel carrier interference.

2 APPLICATIONS OF COCOON
We now describe innovative applications enabled by COCOON in
built settings like smart homes and warehouses.
Spatially Distributed Backscatter Readers: A key challenge
in large-scale logistics is ensuring that all tags are accurately inven-
toried in a shipping warehouse (e.g. Alibaba). This is a challenging
problem since tags are often blocked by other containers and there
is significant multipath and attenuation. Even a small fraction of
missed tags can have large revenue implications since logistics
companies ship billions of packages a year.

Our work opens up an intriguing possibility that a network of
RFID readers connected to a conductive substrate might be designed
with low-cost ceramic oscillators as opposed to high-precision oscil-
lators. COCOON can allow RFID readers to be spaced apart from
each other while still allowing them to be tightly synchronized
without requiring expensive cabling. Figure 3 shows such a multi-
static backscatter setup using multiple synchronized RF carriers
that illuminate the scene from different vantage points to achieve
higher range and better spatial coverage.

COCOON has two key advantages over alternate methods: a) it
is more than an order of magnitude cheaper than using dedicated
wired synchronization modules (see Table 1), and b) it is more
robust and more efficient than wireless synchronization methods
[15, 22, 29] which can be unreliable in high multipath environments,
use precious spectrum resources for wireless sync messages, and
require complex DSP processing at each receiver.
Data center monitoring: Industrial IoT applications such as
temperature and humidity monitoring in a data center involve ac-
quisition of synchronous samples from distributed sensors in-order
to estimate a spatio-temporal phenomena. One key challenge in
these environments is that the frequency of clocks at the different
nodes can vary significantly due to wide temperature variations
across locations (frequency difference of clocks increases with tem-
perature). This necessitates either frequent synchronization, which
can be expensive in terms of resource usage, or the use of high-
precision but roughly 50-100× higher priced temperature compen-
sated oscillators (TCXO or OCXO). COCOON offers a much less
expensive alternative since a single TCXO or OCXO can be the
master oscillator that pulls a number of low-precision ceramic oscil-
lators to compensate for temperature variations without requiring
expensive oscillators or frequent wireless synchronization.
Distributed Beam-forming: An area of significant interest in
5G is supporting a large number of users and devices in challenging
outdoor and indoor areas such as dense city squares, malls/offices,
stadiums, train stations, factories and warehouses. COCOON en-
ables a new way to distribute and synchronize nodes in a system,

Figure 4: Transmission line lump model for conductive sub-
strate

thereby enabling better signals and data rates. Once nodes are syn-
chronized through the wall-paper,COCOON can generate high fre-
quency, long range and narrow beam lobes without requiring a cen-
tralized clock distribution or DSP processing unit for wire/wireless
synchronization. Additionally, the scalability of COCOON archi-
tecture allows us to synchronize more nodes while keeping these
individual nodes low power thus reducing the complexity of the
individual transmitters.
Sharing Synchronization Information: Sharing an oscillator
can be beneficial when a number of IoT devices that are coupled via
a conductive substrate are communicating with a smartphone or
access point that is not connected to the substrate. Rather than hav-
ing to synchronize to each IoT device separately, a group of nodes
that share an oscillator can couple via the conductive substrate.
This may be particularly useful when devices are intermittently
powered through energy harvesting [13] or highly duty-cycled and
need to be synchronized upon wakeup.

3 PULLING IMPRECISE OSCILLATORS
COCOON builds on the idea of frequency coupling, a technique
that has been long studied and applied in electronics design. The
term injection locking is used to describe an oscillator that oscillates
at the frequency which the oscillator is injected [31]. In addition
to LC oscillators, this method has been shown to work for other
oscillators including ring oscillators [24] crystal oscillators, and
ceramic oscillators[28].

The two most important factors that affect coupling are the
coupling factor and natural frequency difference between oscil-
lators [14]. The famous Kuramoto model [26] models how these
parameters affect a system of N inter-connected oscillators:

𝜕𝜃𝑖

𝜕𝑡
= 𝜔𝑖 +

𝐾

𝑁

𝑁∑
𝑗=1

sin𝜃 𝑗 − 𝜃𝑖 (1)

In Kuramoto’s model, coupling factor 𝐾 is one of the factors that
determines the state of locking. This constant factor represents how
much an oscillator would receive the injected oscillation.

COCOON brings the idea of frequency pulling to low-precision
oscillators connected to a high-precision oscillator over commonly
available conductive substrates. For this to be feasible, we need to
answer three questions: a) Are the intrinsic physical properties of
conductive substrates conducive to frequency pulling, and if so,
over what distances? b) Can frequency pulling over a conductive
substrate work for frequency drifts observed in typical ceramic
oscillators? and c) Do ceramic oscillators have the intrinsic ability
to be pulled towards another frequency?
Suitability of conductive substrates: We now try to under-
stand whether the properties of typical conductive substrates are
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(a) Scalability (b) Pulling range

Figure 5: (a) Beat frequencies are observed once resistance in-
creases above 1.3 kΩ (roughly tens of meters across conduc-
tive substrates), (b) Substantial differences of up to 40kHz is
acceptable for frequency pulling, hence even very low preci-
sion/high drift oscillators can be pulled together.

conducive to oscillator pulling. To explore this, let us first look at
how to simulate the behavior of a conductive surface based on the
above model. For a conductive substrate, the series resistance and
parasitic capacitance to the dielectric are two factors that affect
how much energy is lost in the transmission and thus how much a
receiver oscillator “feels" the injected signal [11].

Figure 4 shows a micro-electronic transmission line lump model
that we use to represent our conductive substrate. Since a con-
ductive substrate is not closely intertwined with a ground, low
frequency transmission of 1MHz incurs negligible current leakage
due to little capacitive coupling between the transmission line and
ground (impedance Z from the substrate to ground of the dielectric
capacitor 1

𝑗𝜔𝐶
is extremely high). Thus, resistance becomes the

dominant factor in determining the coupling factor, 𝐾 .
Based on the above model, we investigate frequency coupling us-

ing a SPICE simulation. We built an equivalent lump circuit model
that can represent a realistic multi-oscillator connection with a con-
ductive substrate. We vary the natural frequencies and resistances
between oscillators to understand synchronization behavior.
Impact of coupling factor: One way to gauge the quality of
synchronization between coupled oscillators is the presence of beat
frequencies, thus our first investigation looks at the magnitude of
beat frequency signal components for different amounts of coupling.
Figure 5(a) shows the relation between the change in observed beat
frequency and resistance between two mutually injected oscilla-
tors running at 1MHz. We see that there is no observable beat
frequency under 1 kΩ and very small beat frequencies between
1 kΩ and 1.5 kΩ. As the resistance increases, two oscillators become
de-coupled and the beat frequency approaches | 𝑓2 − 𝑓1 |. A typi-
cal 1 m long conductive copper tape of 5cm width has 1 Ω/meter
resistance; a single conductive thread has 50 Ω/meter resistance,
and the conductive paint has 55 Ω/meter resistance. This means
that two oscillators can synchronize over several tens of meters
over typical conductive substrates which is more than sufficient for
most practical home or warehouse deployments.
Impact of frequency difference: A key factor that determines
the coupling state is the frequency difference between the oscillator
and incoming oscillation. When two oscillators are coupled, it is
known that the final settling frequency is a tone that is between
the original frequencies [35]. Again, we use the presence of beat
frequencies as a way to gauge the quality of oscillator synchroniza-
tion; simulation results in Figure 5(b) shows how much frequency

difference can be tolerated before beats start to occur. We observe
that if |𝛿 𝑓 | < 40kHz, then the oscillators converge to the same
frequency. Since beat frequencies only starts to appear after about
40kHz, we can tolerate up to 20000 ppm drift between oscillators! A
low-end quartz-based commercial 1MHz oscillator has a frequency
deviation of 80ppm which means only 160Hz maximum frequency
difference, which is only a fraction of the range. A lower cost but
less precise ceramic resonator has an initial accuracy of 5000 ppm,
and drifts significantly with temperature and age (2000 ppm) [34].
This is also within the regime for synchronization. A 9 stage ring
oscillator working at 33.45MHz range has been reported to have
an accuracy of around 13000 ppm [27]. Even this is potentially
within the range that we can support. This opens up use cases
where we mix-and-match precise but higher cost oscillators with
imprecise-but-lower cost oscillators.
Impact of Q Factor: The pulling range i.e. the maximum differ-
ence between the slave and master frequencies as described above
also depends on the “bendability” of the slave oscillator. This “bend-
ability” is determined by the following equation [31]:

𝜔𝐿 ≈ 𝜔0
2𝑄

𝐼𝑖𝑛 𝑗

𝐼𝑜𝑠𝑐
(2)

where 𝜔0 is the free running frequency of the oscillator and 𝑄 is
its Q factor, 𝐼𝑖𝑛 𝑗 and 𝐼𝑜𝑠𝑐 are the injection current and oscillator
output current, respectively. Note that with lower Q, the lock range
is larger i.e. the oscillator’s frequency is more “bendable”.

COCOON leverages this fact by pairing low Q (more bendable)
oscillators such as ceramic oscillators which have a Q factor of
∼ several hundreds, while a high Q (less bendable) oscillator, i.e.
quartz crystal has a Q factor of ∼ tens of thousands. In our ar-
chitecture, low Q, imprecise oscillator(s) will be pulled towards a
high Q, precise oscillator which is what we would like to see. If
a yet higher Q crystal oscillator is used, such as a Temperature-
Controlled Crystal Oscillator (TCXO) or Oven-controlled Crystal
Oscillator (OCXO) with Q factor of ∼ hundreds of thousands, then
the lower Q oscillator is pulled almost entirely towards the higher
Q oscillator.
Scaling to large numbers of low Q oscillators: To demon-
strate scalability, we modify our SPICE simulation to have a large
number of low Q (set to Q factor=400) free running Hartley oscilla-
tors (up to 48), each outputting a frequency of 1MHz with 5000PPM
at ∼100uW. We then observe how much power it would take for
a high Q oscillator oscillating at 985kHz to completely frequency
pull all the low Q oscillators such that the resultant frequency of
all oscillators is exactly 985kHz. Figure 6(a) shows that even with
48 oscillators, it would only take less than 150mW for the high Q
oscillator to frequency pull the entire system of oscillators.
Scaling over large distances: We now ask whether the fre-
quency pulling approach can work over long distances. According
to Kuramoto’s model in eq.1, oscillators will injection lock with
each other when the equivalent resistance is low enough. In our
simulation, a pair of Hartley oscillator were frequency locked under
a resistance of 1.5kΩ. Figure 6(b) shows the resistance per meter
length at 10MHz of three different types of conductive substrates.
We see that all these substrates have low resistance per meter length
which implies that coupling should work over long distances. For
example, the silver laminated wall paper has a resistance of 3 ohms
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(a) Power to support low Q oscillators (b) Unit meter resistance at 13.33MHz

Figure 6: (a) Output power of high Q oscillator needed to
frequency pull low Q oscillators, (b) Resistance of different
types of conductive substrate at 1 meter.

per meter, which in theory means that we can synchronize over
several hundred meters.

4 DETERMINING THE LOCKED STATE
Given that we can pull imprecise oscillators towards a precise os-
cillator to achieve synchronization, the next question is how can a
master oscillator determine the synchronization state of the slave
oscillators and adjust the frequency pulling power accordingly?
This is particularly important if the master is battery-powered and
wants to operate at the minimum power needed to achieve locking.
Sideband Lock Detection. Let us start by looking at the fre-
quency spectrum observed under injection locking. Injection lock-
ing is a nonlinear dynamic phenomenon[43]; when an oscillator is
under injection, its output tracks the injected input frequency and
the reactive components of the oscillator compensate for the in-
stantaneous phase difference at the input. As a result, the oscillator
frequency is pulled or locked towards the injecting frequency. In
electronic oscillators, an oscillation-generating tank is used to pro-
vide a phase shift according to the injection phase difference. Simple
circuit analysis on AC current with frequency 𝜔 through an ideal
LC tank with feedback yields in the extreme, the transfer function
of 𝑉𝑜𝑢𝑡

𝑉𝑖𝑛
could have a +− 𝜋

2 phase difference because the reactive
components can lead or lag a sinusoidal wave. This maximum phase
shift implies that there is an absolute limit of frequency offset that
a particular oscillator can tolerate and lock on to; this frequency
range is defined as 𝜔𝐿 . While within this locked range 𝜔𝐿 and also
while under weak injection, beat frequencies will manifest in the
frequency domain as side bands; this indicates the free-running
oscillator is “pulled” more weakly by the injection frequencies. As
the injection frequency beocomes stronger, the oscillator is pulled
more towards the injection signal and reduces the side bands, and
with a large enough injection signal, side bands vanish indicating
that the frequency is locked [31].

While the sidebands observed during injection locking provides
a method for the master oscillator to track the level of synchroniza-
tion of the slave oscillators, when should the master stop increasing
the pulling power? Increasing pulling power until side bands disap-
pear entirely is inefficient since it can take a significant amount of
power to achieve this state.
Achieving Quasi-lock. A key observation we make is that it
is not necessary to completely eliminate side bands to achieve
lock. In other words, we do not need to increase power until all
oscillators emit a pure tone. Rather, a frequency with majority
power on a desired tone along with small power in side bands

Figure 7: Illustration of QL-Distance. If the distance is large,
linearity is not preserved across frequencies and thus not
considered quasi lock. The distance is positive if power is
less than needed.

can also be acceptable. This is referred to as a quasi-lock state. In
the time domain, quasi-lock can be observed as a slowly varying
instantaneous phase; if the phase changes slowly enough, it will
not impact communication.
Quasi-Lock Detection. To determine whether quasi-lock has
occurred, we can use the fact that when in quasi-lock state, the
magnitude of the side bands drops approximately linearly on a
logarithmic scale due to an exponential decrease of the probability
density in instantaneous frequency on a linear scale [31]. We define
QL-Distance as a metric that captures the linearity of the side bands.
To compute the QL-Distance, we identify the furthest observable
side band peak 𝜔𝑠 and then form a straight line between the in-
jection frequency and the furthest side band created. As shown in
Figure 7, we compute the distance between the line and the furthest
peak frequency with greatest magnitude, and refer to this distance
as QL-Distance. A larger QL-Distance means that the side band
spectrum is not very linear and unlikely to be in quasi-lock state. In
our implementation, we compute the QL-Distance according to this
method and empirically determine the threshold of QL-Distance to
decide whether our system is in quasi-lock state.
Adaptive Power Control: We now look at how the master oscil-
lator can leverage information about locking behavior to optimize
system performance. Specifically, we focus on the case where the
master is battery-powered and wants to determine the minimum
power at which quasi-lock can be achieved.

The master starts by injecting a small amount of power to ensure
weak injection. In this state the resulting frequency is not locked,
as the side bands are large since the slave oscillators dominate.
The master monitors the pulled oscillation in frequency domain,
and determines the QL-Distance. When the output injection power
keeps the subsequent side bands form a linearly decreasing pattern
on the log scale (i.e. when the computed QL-Distance is close to
zero), the master concludes that the system is in quasi lock state
and keeps outputting such power as the minimum power needed to
maintain synchronization for the system. If the master continues to
increase its power, it will see that the injection frequency will have
the majority of the power i.e. that QL-distance starts to increase
in the other direction. Eventually, it will see an one tone injection
frequency if the power is large enough.
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Figure 8: Block diagram of the building blocks of our system.
A low Q ceramic Colpitts oscillator is used as the reference
frequency that feeds into a Phase Lock Loop which gener-
ates the RF frequency for the radio.

5 PULLING THE RF CARRIER FREQUENCY
So far, we have focused on locking the low-frequency oscillator
on each IoT device attached to the substrate but one of our goals
illustrated in §2 is to be able adjust the RF carrier frequency on each
device in-order to optimize communication. In other words, wewish
to “remotely control” the RF carrier frequency by pulling its refer-
ence frequency via conductive substrate. This is an unconventional
way of adjusting the RF carrier — normally, the reference frequency
is fixed to that provided by a local crystal oscillator whereas in our
case the reference itself is being pulled by an external source.

To make this possible, we need to ensure that changes in refer-
ence frequency are propagated through the Phase Lock Loop (PLL)
that up-converts the reference frequency to RF frequency output in
the radio. We propose to leverage the fact that the PLL is a feedback
circuit that has a stability region within which it can function effec-
tively. As long as the reference oscillator’s frequency is within this
stability region, any changes in frequency of the reference should
translate to a linear change in the RF frequency output. We start
with a short background for how digital phase lock loop works and
expand on our approach.
PLL Background: A Phase Lock Loop (PLL) is a feedback loop
that provides stable, accurate, and clean oscillations. A common
application for PLLs is generating RF carrier frequencies for radio
communications. Figure 8 shows the basic functional blocks of a
PLL. The RF signal is output from a voltage controlled oscillator
(VCO) whose frequency is controlled by a voltage input provided by
the output of a charge pump. In order for the RF carrier frequency
to remain stable, the feedback loop consists of two parts: 1) A
frequency divider using a counter to reduce the RF output to a
lower frequency and 2) a comparator that compares the output
of the divider to a reference source through XOR operation using
a phase frequency detector; the charge pump’s output voltage is
controlled by this phase frequency detector to adjust the carrier
frequency, thus closing the loop.

In the case of COCOON, we steer the RF output frequency re-
motely by adjusting the reference frequency via the conductive
substrate rather than using a VCO, as is the case with a conven-
tional PLL. To get a sense of how a slight mismatch of reference
frequency would steer the RF frequency, we take a closer look at
the phase frequency detector.

Phase Frequency Detector: A phase frequency detector deter-
mines the inconsistency between two input waves, the reference
frequency and the divided RF wave, and outputs a voltage as a con-
trol to the voltage control oscillator. In a digital phase lock loop, the
inputs are digitized into square waves which are sent into the phase
frequency detector that outputs digital 1s and 0s for the control of
the charge pump (illustrated in Figure 8). The two outputs, Q and
𝑄 , control the gate of positive or negative current. The duration
of the charging current in Q and 𝑄 charges up the the capacitor
𝐶𝑝 to a different voltage level and such different voltage is used to
control and adjust the VCO to output its final RF frequency.
Impact of perturbations in reference frequency: Let us now
look at the effect of small changes in reference frequency on the RF
frequency output. We are interested in the effect on the lock range
of a PLL i.e. the reference frequency range that the PLL is able to
follow and lock. This is the regime within which a slave oscillator’s
reference frequency should be adjusted by a master oscillator.

The lock range is given by [1]: Δ𝜔𝑙 = 𝑁𝜋𝜁𝜔𝑛 where 𝜁 is the
damping ratio of an nth order feedback system in PLL and 𝜔𝑛 is the
natural running frequency of the VCO and N is a scaling integer
depending on the type of PFD used. Once the reference frequency
drifts out of this range, the PLL is not locked and thus no reliable
RF frequency can be used.

6 ENABLING SYNCHRONIZED
MULTI-STATIC RF BACKSCATTER

The ability to pull the output of a PLL using a remote reference
presents several intriguing new opportunities for distributed com-
munication systems that are inter-connected using flexible conduc-
tive substrates. In this work, we look at one such application, i.e.
multi-static backscatter communication.

A multi-static backscatter system comprises multiple carrier
transmitters that are spatially distributed and that concurrently
illuminate a shared region to provide better spatial coverage and
better signal-to-noise ratio. Multi-static configurations are typically
either wired (e.g. Ethernet-connected readers such as in RFGo [6])
or wireless (e.g. PushID [40]); we offer an interesting alternative
that involves distributed carrier transmitters connected over low-
cost, flexible conductive material. Such a multi-static backscatter
system is considerably cheaper and easier to install than traditional
Ethernet-connected readers and can therefore enable more flexible
configurations at equivalent performance but without the complex-
ity of fully wireless configurations.

A key issue in multi-static backscatter systems is the need for
tight synchronization. A traditional mono-static backscatter system
such as a commercial RFID reader does not need to synchronize
since the carrier transmitter and receiver are co-located at the same
device and can share the same clock source. However, in a multi-
static backscatter system, frequency synchronization is essential
in-order to be able to effectively filter out the carrier signal and
extract the weak backscattered signal from the tags. Frequency
synchronization is particularly important when the clock sources
can have large drift, which is the case when using low-cost clock
sources such as ceramic oscillators.

To demonstrate how COCOON can enable high-performance
multi-static backscattering, we designed a prototype comprising
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Figure 9: Multi-static backscatter setup: Two carrier trans-
mitters illuminate the scene and a single receiver cancels
the carrier signal using a direct-down conversion mixer to
extract the weak backscattered signal. The carrier transmit-
ters are equippedwith low-precision ceramic oscillators syn-
chronized via a conductive substrate.

two transmitters and one receiver that integrate frequency pulling
on silver laminated wall paper shown in Figure 9. The receiver
uses a direct-down conversion mixer to convert the modulated RF
signal into base-band and a DC blocker to eliminate direct carrier
interference that is generated from two distributed transmitters.

7 IMPLEMENTATION
We implement COCOON on several conductive substrates using
off-the-shelf components and analyze its wireless communication
potential with a software-defined radio (USRP).

In a conventional radio front end, the reference source is typically
a piezoelectric resonator (a quartz crystal). Such a resonator does
not have any external feedback to allow for frequency injection.
Instead, we use an active Colpitts RC oscillator that comprises an
off-the-shelf low-Q ceramic resonator. A Colpitts oscillator has a
feedback loop that can perform injection locking. We use standard
RC components with the popular 2N2222 NPN transistor to build
such oscillator. We implement the oscillator on a PCB board of size
2 𝑐𝑚 × 4 𝑐𝑚 with a contact spring connector that easily connects
to the conductive substrate (Figure 10(a)). The output frequency
of our ceramic Colpitts oscillators are centered around 13.35 MHz.
We chose the 13.35MHz oscillator because this frequency is an
available reference input to common off-the-shelf PLLs. In addition,
the resistance per meter across conductive substrate is low at this
frequency as shown in Figure 6(a).
Implementation with conductive substrates: We use three
different types of conductive substrates. The first is silver laminated
paper stock that was sourced from a local paper company and is
conventionally used in labels and signs [38]. We obtained a 300 ft
reel and use a portion of it for evaluation. The second is copper
conductive tape that is usually used for noise shielding for electric
acoustic instruments (from a music hardware store). The third is
conductive paint that turns ordinary surfaces into smart ones and
is popular for interactive wall installations [37].

We implementCOCOON on all three of these substrate on awall,
each with length of 5.5 meters and width between 2-3 cm. Different
substrates under the same length have different impedance, which

(a) Ceramic Colpitts Oscillators (b) Experiment setup

Figure 10: (a) Our PCB implementation of a Ceramic Col-
pitts Oscillator. (b) Experimental setup: Six oscillators are
connected in a linear chain on a 5.5m long conductive lami-
nated wall paper, conductive tape and conductive paint.

will exhibit different pulling behavior. We assemble our Colpitts
oscillators onto the conductive substrate as shown in Figure 10(b).
We place the high Q frequency generator at one end of the substrate,
which can generate an output at 2dBm.
RF System Implementation: We ensure COCOON is at quasi-
lock by outputting >-2dBm from the frequency generator. We then
vary the frequency output of the frequency generator and monitor
both the resultant pulled frequency of our oscillators and the output
RF frequency of our PLL using a spectrum analyzer.

The RF front ends of the transmitters and receiver comprise
of three 13.33MHz ceramic oscillators attach to the conductive
substrate which connects to controllable ADF4351 phase lock loops
[2] to generate the RF carriers. The ADF4351 PLL consists of a
local tunable VCO for RF generation, as well as a feedback loop
with digital counter for frequency division. Our setup includes two
transmitters transmitting 915MHz carrier tones. The carrier signals
from the two transmitters are amplified and transmitted through
antennas as multi-static carrier waves. The receiver uses a direct-
down conversion mixer MAX2021 [23] to convert backscattered RF
signal into base-band. The LO to the mixer is provided by a third
PLL which attaches to the conductive substrate. We decode the
base-band signal with low frequency USRP LFRX. A backscatter
tag is placed 2.5m away from the transmitters and it is in the center
of the room. The backscatter tag transmits ASK symbols.

We built 6 ceramic oscillators, and we exhaustively evaluated the
communication performance for 20 combinations out of these at Txs
and Rx. We also implemented the set up on 3 different dimensions
of 1m x 0.1m, 3m x 0.1m and 6m x 0.1m.

8 EVALUATION
We now turn to empirical experiments to validate our ideas in
practice. While we have experimented with several substrates, we
show a few key results on all substrates and in other cases only for
the conductive wallpaper since trends are similar.

8.1 Coupling with conductive substrates
In this experiment, we look at frequency coupling through conduc-
tive wallpaper. We look at nodes connected via a linear topology
which represents the worst-case for coupling behavior since the
end-points are not directly connected but need to synchronize via
“relays”. We assembled six 1MHz crystal Colpitts oscillators using
off-the-shelf quartz crystals and electronic components, and spaced
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Figure 11: Effect of number of nodes in a linear topology on
max. resistance between adjacent nodes for coupling (700Hz
freq. difference). Experimental results are close to simula-
tions. Roughly 9 nodes can be connected using a 4m conduc-
tive thread, paint, or tape with resistance around 50 Ω/m.

these evenly on a 550𝑐𝑚 × 3𝑐𝑚 conductive wallpaper. Figure 10(b)
shows the experimental set up. We vary the resistance between
the oscillators to understand whether our simulation model in §3
matches to empirical behavior.

Figure 11 compares our simulation versus experimental result
in terms of coupling requirements between adjacent nodes as the
number of nodes increases. In our experimental setup, we see that
locking happens when the resistance is roughly 2.5kΩ (red dot
in the figure). This is quite close to the number predicted by our
simulations (line). Given that the actual resistance of the conductive
sheet, paint and tape is roughly 50Ω/m, we should be able to scale to
even more nodes. From the simulation curve, we can estimate that
roughly nine nodes can synchronize over a 4m length of conductive
tape, paint or tape which has resistance around 50Ω. This illustrates
that deployments over moderately large conductive surfaces are
feasible with COCOON.

8.2 Pulling low precision oscillators
Next, we validate our claim that low Q oscillators can be pulled
easily by looking at the frequency pulling of low-cost ceramic
oscillators. As discussed in §3, oscillators with lower Q value have a
larger frequency pulling range. Such range allows the oscillators to
be pulled towards an injection frequency. Due to low Q, a ceramic
oscillator has a larger error margin that typically results in a highly
inaccurate frequency. As a result, PLLs in radio front ends do not
use ceramic oscillators as their reference input despite the fact that
they are very inexpensive.
Averaging among ceramic oscillators: First, we look at cou-
pling between a group of ceramic oscillators, all of which are trans-
mitting their signal at the same power. If multiple ceramic oscilla-
tors at the same power are mutually coupled, the resultant output
frequency is the average between them.

This can be leveraged in two ways. First, the group of ceramic
oscillators are now synchronized with each other can perform
tasks like synchronized sampling, for instance, to enable audio
beamforming. Second, the nodes can wirelessly communicate with
each other with no carrier frequency offset (as long as the resulting
average frequency is within the lock range of the PLL as described

in §5). The averaging effect can also pull the frequency of outlier
oscillators closer to the mean.

To illustrate, we mutually inject ceramic oscillators through our
laminated wall paper. We measure the free running frequency of
each oscillator, and then add it to the laminated wall paper one by
one. We record the resulting frequency each time we add a new
ceramic oscillator on board.

Figure 12: Ceramic oscillators are added one by one and
the resulting averaging effect due to frequency pulling is
seen.The bar is the free-running frequency of each oscilla-
tor and the line is the average frequency.

Figure 12 shows the results. We see that whenever a new oscilla-
tor is added to the conductive substrate, the resulting frequency is
the average of the existing oscillator(s) and the new oscillator. For
example, when a higher drift second oscillator is introduced, the
first one pulls it towards itself; similarly, the fourth oscillator has
high drift but is pulled towards others.
Pulling towards a high-Q, high power oscillator: If we now
attach a high Q oscillator such as a fine crystal oscillator with
sufficient injection power to the substrate, the ceramic oscillators
bend entirely towards the frequency of the high-Q oscillator. We
used a high-Q oscillator at 13.33MHz and attached it to the above
substrate and all the ceramic oscillators locked to this frequency.
Thus, we can finely control the resultant frequency by fine tuning
a single high Q oscillator.

Figure 13: Min. power to quasi-lock for different frequency
differences between master and slave oscillator.

8.3 Evaluation of Quasi Lock State Detection
We have shown that ceramic oscillators can be bent towards a
desired frequency; we now turn to looking the properties of the
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Figure 14: Min-power for Quasi Lock as number of ceramic
oscillators increases. The power is less than 1mW even with
four oscillators with frequency variation of 5000PPM.

(a) Quasi-locked (b) Beyond quasi-locked

Figure 15: QL-Distance is smallest when in quasi-lock state
(15(a)) and is higher both when unlocked and when power
exceeds quasi-lock (15(b)).

quasi-lock state and validate our claim that the quasi-lock state can
be detected by looking at the linearity of the sidebands. We also
look at how much power benefits are obtained by using quasi-lock
as the stopping criteria versus waiting for full locking.
Illustration of Quasi Lock. First, we illustrate the side band
structure in three stages — a bit before quasi-lock, in quasi-lock and
a bit beyond quasi-lock. This is what a master oscillator will observe
as it slowly ramps up the power that it feeds into the substrate.

We show this with a ceramic oscillator being pulled to a wave-
form generator’s signal as the waveform generator slowly increases
its power. The waveform generator can be considered an unbend-
able oscillator, hence this represents the case of a low Q and high
Q oscillators being connected together. Using spectrum analyzer,
we capture these changes on the substrate and plot the results.

Initially, we do not get frequency locking if the output power is
too low (QL-Distance is around 10). Shown in figure 15, as input
power increases, we see quasi locking when the output power of
the high precision source is large enough (QL-Distance is around
5). As power is increased further, the master oscillator frequency
becomes more dominant and the linearity of side bands diminishes
(magnitude of QL-Distance starts increasing back to 10). Eventu-
ally, the master oscillator frequency dominates and the side bands
diminish.

In our experiments, we find that the quasi-lock condition occurs
when QL-distance ≤6 (across all substrates). Hence, we use QL-
distance = 5 as our threshold in our experiments. We increase our
high Q oscillator power until the QL-distance is smaller or equal
to the threshold. The power required to pull thus becomes the
minimum power from the high Q oscillator to ensure quasi-lock.

Figure 16: Power required for quasi lock vs. full lock for
three oscillators on different substrates. There is substantial
gains from using quasi-lock as the stopping condition.

Minimum power for quasi lock: Next, we look at how much
power needs to be injected to achieve quasi-lock state. Figure 13
shows the effect of frequency difference between a low-Q and
high-Q oscillator on power consumption. The larger the frequency
difference, the larger the power it takes for the system to attain
quasi lock. However, the power required is quite small for typical
range of frequency variation. For example, the frequency variation
one can expect in a 5000ppm low-precision ceramic oscillator is
less than 65 kHz and we can see from the figure that it takes about
1 mW of power to achieve quasi-lock in this case. Hence,we can
see that quasi-locking can be achieved at low power.

Figure 14 shows the power consumed as the number of ceramic
oscillators increases from one to four. We see that power increases
as the number of oscillators grows but still we only need 1 mW to
lock four oscillators.
Power needed for quasi-lock versus full lock: We now turn
to a comparison of the power needed for synchronizing a set of
ceramic oscillators to the quasi-lock state versus fully locked state.

Figure 16 shows results for synchronizing three ceramic oscil-
lators with a 20kHz frequency difference from the high Q source
on different conductive substrates. We see that there is significant
difference between the power consumed for quasi-locking versus
locking. There is about a 4.5× difference between the power needed
for achieving these two states for the conductive wallpaper, a 7×
difference for the conductive tape, and more than 11× difference
for the conductive paint. This shows that there is significant power
benefits to using the quasi-lock criteria for pulling oscillators.

Note that the above results are for the power consumed by the
master oscillator. The power consumed at the slave ceramic oscilla-
tor at 4V is only ~90uW which is very low.

8.4 Performance of Adaptive Power Control
We now look at the adaptive power control method that is used by
the master oscillator to determine whether the oscillators attached
to the substrate are in quasi-lock condition.
Adaptive power control: To demonstrate the method, we start
with a single ceramic oscillator on the substrate, then add a second
oscillator, and then a third. Figure 17 shows how the QL-Distance
observed by the master node varies as oscillators are added. Initially,
the system is in quasi-lock state and the QL-distance is less than
the quasi-lock threshold (5 in our case). When the second oscillator
is added, the QL-Distance increases to about 12. The master starts
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ramping up the output power until it sees that the QL-Distance
drops below the quasi-lock threshold again. This repeats two more
times as additional oscillators are added to the system.

Figure 17: Adaptive power control as oscillators are added
one-by-one. The master oscillator ramps up power when it
observes QL-Distance to be higher than threshold until it
reaches quasi-lock.

QL-Distance trend: We now look at the trend in QL-Distance in
a bit more detail. We ask whether the QL-Distance decreases mono-
tonically as power increases; if not, the master oscillator cannot
easily track whether the trend is reducing.

Figure 18 shows how the QL-Distance varies as input power is
increased for conductive wallpaper. We see that the trend is gener-
ally quite linear and the QL-Distance decreases quite predictably
as power increases.

Figure 18: As injection power of the master oscillator in-
creases, QL-distance reduces almost linearly. More oscilla-
tors requires more power to quasi lock, hence the curves
shift towards the right.

8.5 Pulling RF output
So far, we have looked at pulling the frequency of the reference
clock to the PLL. In this section we demonstrate that pulling the
reference frequency in COCOON can in-turn reduce Carrier Fre-
quency Offset (CFO) in the output RF frequency of the PLL.
Synchronization accuracy The accuracy of synchronization
can be determined by looking at the misalignment of the phase
between any two nodes. Phase misalignment can be estimated by
looking at the difference of instantaneous frequency for a short
period of time as shown in the following equation [45]:

𝜙 (𝑡) = (𝐹1 − 𝐹2) ∗ 𝑡𝑚𝑒𝑎𝑠𝑢𝑟𝑒 + 𝜙 (𝑡0) (3)
Where 𝐹1−𝐹2 is the instantaneous frequency difference between

two nodes, 𝑡𝑚𝑒𝑎𝑠𝑢𝑟𝑒 is the measurement time period and 𝜙 (𝑡0) is
the initial phase offset. After synchronizing two PLLs through the
conductive wall paper, we measure the instantaneous frequency
difference 𝐹1 − 𝐹2 across 4𝜇 seconds (which is the symbol duration
in 802.11[29]).

Figure 19: 95 percentile is under 0.1 radians for COCOON
and more than 0.6 radians without it.

Figure 19 shows the distribution of the phase error. At low power
communication whereas the SNR is under 10db, COCOON can en-
sure the degradation of SNR due to phase error is no more than
0.1db [29]. This is well within the margin of acceptable degrada-
tion — in narrow-band channels with Gaussian noise, a 0.1db SNR
degradation results in less than 10% change in BER [16, 17].
Controlling RF output through reference input In §4, we
had described that there is small margin of reference input fre-
quency that remains within the lock range of a PLL, and such
margin affects the output frequency approximately linearly. We
empirically look at this range in the case of our PLL implementation.

Figure 20 shows the reference frequency (left y-axis) and the
corresponding RF frequency of the PLL output (right y-axis). Note
that the reference frequency corresponds to the output of a ceramic
oscillator that is being pulled by a master oscillator. We see that
the PLL changes linearly with the reference oscillator within lock
range but when the reference oscillator is outside these bounds,
the PLL does not lock. Within this range, we see that changing
the reference frequency by about ~150kHz linearly changes the RF
output of the PLL by about 2MHz. Thus, we see that COCOON can
finely control the output RF frequency even if the nodes are using
an inaccurate ceramic oscillator as reference input.

8.6 Performance of Multi-static RF Backscatter
We now examine how COCOON can offset the inherent high
drift in cheap ceramic resonators to create a high-performance
multi-static backscatter system. While the advantage of multi-static
backscatter over mono-static backscatter has been established in
prior work [20, 25, 39], the design of a multi-static backscatter sys-
tem is considerably more complex. In this work, we focus on how
our low-cost synchronization can improve the performance of such
a multi-static backscatter system. We demonstrate this in three
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Figure 20: Dotted line shows the pulled reference frequency
and solid line shows the RF frequency output of PLL. The
PLL only works in part of the range of the reference; within
this range, there is a linear relation.

ways — first, we show that the received BER with COCOON is con-
siderably more stable than if we used unsynchronized oscillators;
second, we show that frequency pulling achieves equivalent perfor-
mance of high-quality sync using an Octo-Clock but at a fraction of
the cost; and third, we show that frequency pulling is more scalable
than using a single source to feed a reference frequency to all notes
on the substrate.
Frequency pulling vs. Unsynchronized operation: Figure 21
compares the performance of frequency pulling versus unsynchro-
nized operation. 20 combinations of 6 different ceramic oscillators
provided to the Txs and Rx with and without using frequency
pulling through the wall paper. We saw that for all combinations
of ceramic oscillators, COCOON has nearly zero BER whereas the
case where ceramic oscillators supply reference to the PLL inde-
pendently has significant BER and poor performance.

Figure 21: CDF of BER with and without frequency pulling.
Frequency pulling yields amuch smaller range for the same
set of ceramic oscillators

Frequencypulling vsOcto-Clock: Wealso compareCOCOON
against a high-end synchronization solution i.e. use of an Octo-
Clock from National Instruments. The Octo-Clock is commonly
used in multi-static backscatter configurations [6] since it provides
high-quality synchronization across nodes.

Figure 22 compares the performance when we synchronize the
PLLs with the Octo-Clock without the wall-paper versus using
frequency pulling over the wallpaper. We see that at -2dBm pulling

COCOON Octo-Clock
Oscillator PCB 2 x $5 n/a
Wall Paper $10 n/a

Transmission lines n/a $50
Master Waveform Generator $30 $1333

Total $50 $1383

Table 1: COCOON offers significant advantages in terms of
price and ease of deployment as compared to a traditional
Octo-Clock approach for synchronization.

Vdyt [45] MMIMO [29] COCOON
Wire or wireless Wire Wireless Wire

Core hardware used NI-5791 USRP Oscillator
Hardware cost $13k >$1.5k $50
DSP Required? No Yes No
phase error(95%) 0.02 0.05 0.08
Signal degradation <0.1db <0.1db <0.1db

Table 2: COCOON is an 1-2 orders of magnitude less expen-
sive than alternatemethodswhile havingmarginally higher
phase error (95 percentile phase error is <0.06 radians larger
from Vidyut and 0.03 more than MegaMIMO).

power, the BER with frequency pulling is only 1
5 higher than Octo-

Clock based synchronization whereas the BER with a single source
is 1

2 higher than Octo-Clock.

Figure 22: At -2dBm pulling power, the single source BER is
0.002 high than frequency pulling while the high end Octo-
Clock is 0.001 lower.

This result is particularly important when one considers the
monetary cost of these approaches. Table 1 compares the cost of
purchasing an Octo-Clock versus COCOON with ceramic oscilla-
tors. We see that the cost of COCOON is roughly 27× lower while
offering comparable performance.
Frequency pulling vs. Single source: We look at how CO-
COON performs against a system that uses a single frequency
source, which distributes using the conductive substrate.

Figure 23 shows the signal to noise ratio of the received sig-
nal between single source and frequency pulling at three different
dimensions. We see that as the wall paper increases in length, fre-
quency pulling performs better than having a single source. This is
because a clock signal attenuates when transmitted over a distance
and varies due to noise and distortion on the conductive substrate
both of which hurts the PLL output.COCOON avoids this by using
an oscillator connected directly to the PLL’s reference and pulling
the oscillator rather than feeding a remote signal to the PLL.
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Figure 23: SNR for single source is around 5dB at 1m and
3m, but it drops to 1 db at 6m. Frequency pulling is able to
maintain above 5dB SNR for all three lengths.

Qualitative Comparison against Related Efforts: We now
provide a qualitative comparison of the received signal performance,
implementation cost, and hardware/software overhead across other
wired and wireless synchronization methods. The comparison is
shown in Table 2.

Wireless synchronization methods such as MegaMIMO[29] re-
quires complex digital signal processing such as channel estima-
tion and link layer computation which is usually performed on
dedicated ASICs or power-hungry FPGAs or GPUs. This makes it
a high-cost and relatively complex solution. Wired solutions do
not incur the computational overhead but often require expen-
sive specialized hardware components. For example, Vidyut[45]
synchronizes reference frequency through power-lines and offers
exceptional accuracy but it uses dedicated high-precision PLLs to
accomplish this. COCOON requires no additional hardware and
directly synchronizes oscillators on the nodes.

9 RELATEDWORK
While there has been extensive work on oscillator coupling, con-
ductive substrates and clock synchronization, our work is unique
in that we look at the intersection between these subjects.
Oscillator coupling in electronic circuits: While oscillator
coupling has been an extensively explored in the context of elec-
tronic oscillators, it has not been studied in the context of conduc-
tive substrates. Prior experimental work in this field has largely
focused on the use of coupling at extremely small scales such as
within a single IC chip [9, 10, 19, 32] and for microwave frequency
and above(>3GHz)[3, 33, 44]. Our work focuses on the effective-
ness of such coupling over larger scales (conductive substrates on
walls), lower frequencies (13MHz) and IoT devices. COCOON also
does not require integrated hardware design and can be an add-
on to existence communication or computing nodes with minimal
hardware modification.
Conductive substrates: Conductive substrates have largely been
explored for sensing [8, 46] or as a large capacitive touch interface
[41, 42]. Conductive paint, for example, is generally advertised only
as being intended for applications with DC circuits at low voltages
[12]. This paper take an in-depth look at new possibilities these
substrates offer for connecting and optimizing IoT devices.
Clock Synchronization: There is a substantial body of work
on CFO estimation and time synchronization over wireless links

[15, 22, 30]. These are very different from our efforts to use a conduc-
tive substrate for oscillator pulling. Unlike wireless synchronization,
COCOON does not require a link or MAC layer protocol and there-
fore does not incur additional hardware complexity or protocol-
layer overheads. There is also prior work on wired synchronization
through power lines [29] which synchronize by tracking changes
in the incoming frequency. COCOON uses injection locking rather
than explicit tracking and synchronization, hence, it is both simpler
and allows more fine-grained control over the resultant frequency.
A few works targeted node synchronization in IoT environment
[21, 36], which is closely related toCOCOON’s application in terms
of addressing the challenge of tidely synchronize low cost, low qual-
ity IoT nodes. These works present solutions in the application layer
which usually involve in setting up servers and clients as well as
establishing novel protocols. COCOON addresses the challenge
in the hardware level which not only can achieve time synchro-
nization without additional protocol overheads, but also enables
frequency synchronization.

10 CONCLUSIONS
In this paper, we argue that conductive substrates can present a
promising new opportunity for re-thinking the design of distributed
IoT systems in built environments like homes and warehouses. We
showed that oscillator coupling via conductive substrates can allow
us to design IoT devices using low precision oscillators and yet
pull them to behave like high-precision oscillators. We showed
that such a system can work at low power and low complexity
and requires no co-ordination between the different devices. We
showed that such “remote” frequency pulling of a low-precision
reference oscillator can also be used to pull the PLL output in a
radio, thereby enabling a high-performance multi-static backscatter
system out of low-precision components. Our solution opens up
new directions in thinking about the use of conductive substrates,
and can potentially open up many applications that need radio
transceiver synchronization or sensor sampling synchronization
in a low-overhead manner. Any network that is deployed over
large conductive surfaces such as wallpaper, curtains, and tents can
potentially leverage this technique to improve system performance,
save communication bandwidth, or reduce manufacturing cost.
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