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ABSTRACT
State-of-the-art RFID localization systems fall under two categories.
The first category operates with off-the-shelf narrowband RFID
tags but makes restrictive assumptions on the environment or the
tag’s movement patterns. The second category does not make such
restrictive assumptions; however, it requires designing new ultra-
wideband hardware for RFIDs and uses the large bandwidth to
directly compute a tag’s 3D location. Hence, while the first category
is restrictive, the second one requires replacing the billions of RFIDs
already produced and deployed annually.

This paper presents RFind, a new technology that brings the
benefits of ultra-wideband localization to the billions of RFIDs in
today’s world. RFind does not require changing today’s passive nar-
rowband RFID tags. Instead, it leverages their underlying physical
properties to emulate a very large bandwidth and uses it for local-
ization. Our empirical results demonstrate that RFind can emulate
over 220MHz of bandwidth on tags designed with a communica-
tion bandwidth of only tens to hundreds of kHz, while remaining
compliant with FCC regulations. This, combined with a new super-
resolution algorithm over this bandwidth, enables RFind to perform
3D localization with sub-centimeter accuracy in each of the x/y/z
dimensions, without making any restrictive assumptions on the
tag’s motion or the environment.
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1 INTRODUCTION
Accurate RFID localization can be a game-changer for many indus-
tries ranging from virtual reality to factory automation. For exam-
ple, virtual reality systems, like the HTC Vive [28] and Facebook’s
Occulus Rift [44], rely on relatively large trackers like handheld
motion controllers. Accurate RFID localization would enable us to
replace these handheld trackers with on-body RFID stickers that
can track multiple user limbs. Another application that can benefit
from fine-grained RFID localization is packaging quality control in
factories and warehouses. For example, today’s packaging control
ends once a box is sealed. However, since many of today’s packaged
items are already tagged with RFIDs, accurate RFID localization
would enable employees to check the number of items in a box
or whether the right item is in the right box even after the box
is sealed. More generally, absolute RFID localization can enable
many applications in retail stores, factories & warehouses, virtual
& augmented reality, and smart environments.

Indeed, the topic of RFID localization has gained much attention
from the academic community over the past decade [31, 41, 48, 52,
53, 57]. However, none of the past proposals can enable ubiquitous
localization and deliver on the applications described above. In
particular, early proposals in this space relied on measuring the
received signal strength (RSS) [16, 18, 38, 41, 59] and the angle of
arrival (AoA) [14, 32, 60] and demonstrated a median accuracy of
the order of tens of centimeters. Recent proposals have demon-
strated finer centimeter-scale localization accuracy. However, these
proposals either require furnishing the environment with a dense,
surveyed grid of reference tags and localize by matching to ref-
erence tags [17, 53], and/or they require the tag or the reader to
move over multiple wavelengths on a predefined trajectory at a
predefined speed [40, 48, 57].

In this paper, we investigate whether we can achieve sub-
centimeter RFID localization by measuring the time-of-flight (TOF)
– i.e., the time it takes the signal to travel between a reader and
an RFID. Accurate TOF measurements would allow us to localize
RFIDs without reference tags and without prior trajectory knowl-
edge. In particular, the TOF can be mapped to the distance traveled
by taking into account the speed at which the RF signals travel.

The fundamental challenge in realizing this goal, however, is that
accurate TOF-based localization hinges on the ability to measure
time at a very fine granularity. In particular, achieving centimeter-
scale localization would require hardware that can support very
high sampling rate or very large bandwidth, often multiple GHz
of bandwidth [11, 19, 34].1 In contrast, RFIDs communicate at only
tens of kHz, i.e., five orders of magnitude lower than such sys-
tems. Hence, TOF-based localization with such a communication

1Time resolution is inversely proportional to the bandwidth.
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Figure 1: RFind leverages the physics underlying RFID switching. For simplicity, the figure only shows an RFID’s frontend circuitry,
consisting of an antenna inlay and a switching transistor. (a) An RFID powers up when the reader transmits a high power signal in the ISM
band, e.g., at 915MHz. To respond, it modulates the voltage of the switching transistor, resulting in two backscatter states: reflective and
non-reflective. (b) An RFID cannot power up when a reader transmits an extremely low power signal outside ISM. (c) Decoupling power
delivery and sensing: When a reader transmits both a high power signal in ISM and an extremely low power signal outside ISM, the RFID
powers up (due to ISM-frequency) and reflects both frequencies simultaneously, allowing RFind to sense the channel even outside the ISM
band.

bandwidth would result in an accuracy of multiple kilometers. One
option to overcome this challenge is to design new RFIDs that have
large enough bandwidth to enable accurate localization [20, 23, 37].
Not only would such an approach require designing new hardware
for RFID tags – making them significantly more expensive and non-
compliant with today’s FCC regulations and RFID communication
protocols – but it would also leave out the billions of RFIDs already
deployed in today’s world [39].

We present RFind, a system that can achieve sub-centimeter
RFID localization by directly measuring the time-of-flight without
any hardware modification to passive narrowband RFID tags and
despite their bandwidth limitations. Using a single antenna, RFind
can compute the exact distance to an RFID tag. To achieve 2D or
3D localization, it uses two or three antennas respectively in close
proximity to the first.

RFind’s localization algorithm is based on a realization that RFID
modulation is frequency agnostic. Specifically, RFIDs communicate
with a wireless device called a reader through backscatter technol-
ogy. In backscatter systems, the reader transmits a continuous wave
at some frequency, and the RFID switches its internal impedance be-
tween two states – reflective and non-reflective – to communicate
bits to the reader, as shown in Fig. 1(a). By sensing subtle changes in
the reflected signal due to the RFID’s impedance changes, a reader
can decode the bits communicated by an RFID tag. RFind’s realiza-
tion is that such impedance changes may also be sensed at various
frequencies. This is because reflectivity is fundamentally a physical
process, similar to turning a mirror on and off.

RFind harnesses the above realization to generate a virtual local-
ization bandwidth that can be multiple orders of magnitude larger
than the bandwidth of RFID communication. In particular, rather
than transmitting a continuous wave at a single frequency, RFind
transmits continuous waves at multiple frequencies, as shown in
Fig. 1(c). When an RFID switches its internal impedance to “reflec-
tive”, it will reflect all the transmitted frequencies. On the other
hand, when it changes its internal impedance to “non-reflective”, it
would absorb all the frequencies.2 This effectively enables RFind’s

2Note that the amount of reflection/absorption can vary over frequency and is taken
into account in RFind’s design.

reader to estimate the RFID’s channel at all the reflected frequencies.
A large bandwidth enables the reader to compute the time-of-flight
and use it to localize the RFID tag.

Translating this high level idea into a practical system, faces
multiple challenges:
• First, the ISM band for UHF RFID is only 26 MHz wide [9]. Hence,
even if a reader transmits at all of the frequencies within the
ISM band, it would still be much smaller than the GHz-wide
bandwidth necessary for centimeter-scale localization [11, 19, 34].
On the other hand, if it wishes to transmit outside the ISM band, it
must limit itself to extremely low power due to FCC regulations;
such power would not be sufficient to power up the tag as shown
in Fig. 1(b).

• Second, transmitting and receiving over such a large bandwidth
would require expensive hardware (high-speed ADCs, high-
throughput I/Os, etc.) that can support Giga-samples/sec through-
put.

• Finally, an RFID tag’s signal does not arrive on a single path to
the reader, but rather bounces off many reflectors in the envi-
ronment before it arrives at the reader. This results in a classical
challenge called multi-path, where an RF device receives several
copies of the signal from the various reflectors. To overcome this
challenge, past techniques require deploying a dense, surveyed
grid of reference tags and localize by matching to the reference
tags [53].

RFind introduces multiple innovations that enable it to deal with
the above challenges:
• First, it decouples the frequency for communication from that for
localization. Specifically, it only uses frequencies within the ISM
band for communication and powering up, and at the same time,
it transmits very low power (sub-milliWatt) frequencies outside
the ISM band, as shown in Fig. 1(c). This allows it to measure the
channel over a large bandwidth while remaining compliant to
FCC regulations.

• Second, instead of acquiring the entire bandwidth at once, it per-
forms frequency hopping to emulate a large virtual localization
bandwidth in the time domain. In particular, at every point in
time, it only transmits at two frequencies (one inside the ISM



and another outside the ISM band). Over time, it varies the car-
rier wave of the sensing frequency and estimates the channel
at that frequency. Then, it stitches the channels at the various
frequencies obtained from an RFID over time.3 This enables it
to transmit at a very narrow bandwidth at every point in time
and operate entirely within the bandwidth (and sampling rate)
capabilities of RFID readers on the market.

• Finally, it leverages the large virtual localization bandwidth to
tease apart the various multi-paths in the environment (recall
that time resolution is inversely proportional to bandwidth), and
identify the path that arrives earliest in time as the line-of-sight
path for localization. Then, it incorporates a super-resolution
technique that enables it zoom in on the line-of-sight path to
achieve sub-centimeter localization accuracy.

We implemented a prototype of RFind using USRP N210 software ra-
dios [8] and off-the-shelf Alien Squiggle RFID tags [12]. Our results
demonstrate that RFind can emulate over 220 MHz of bandwidth on
passive RFIDs. Combined with RFind’s super-resolution algorithm,
this bandwidth enables it to perform 3D localization with median
and 90th percentile errors less than 1 cm and 3 cm respectively in
each of the x/y/z dimensions. Such accuracy matches or exceeds
those reported by past state-of-the-art techniques [37, 53, 57]; how-
ever, in contrast to these past techniques, RFind does not require
any reference tags and does not require any assumptions about the
tag’s motion.

RFind has few additional desirable features. First, it is modula-
tion independent – i.e., it can work with any backscatter modula-
tion: FM0, Miller-8, etc. [3]. Second, it is fully compliant with the
RFID communication protocol (the EPC Gen2 [3]). And third, it can
operate in both line-of-sight and non-line-of-sight environments.
However, one drawback of our current implementation is that it
requires few seconds in order to localize. We would also like to
note that, similar to any RFID reader, even though RFind’s reader
is FCC compliant, marketing it commercially requires formal FCC
certification [10].
Contributions:This paper presents RFind, the first system that can
emulate a large bandwidth on passive narrowband RFIDs. RFind’s
design introduces two key innovations: first, it introduces a tech-
nique that decouples the frequencies for power delivery and sensing
in RFID communications; second, it presents a new super-resolution
algorithm that operates over a large emulated bandwidth enabling
RFind to achieve very high accuracy in 3D localization. The paper
also presents a prototype implementation and evaluation of RFind
demonstrating its accuracy in localizing RFIDs in multipath-rich
environments, without reference tags and without requiring tag or
reader motion.

2 RFIND OVERVIEW
RFind is a system that enables sub-centimeter localization of UHF
(ultra-high frequency) RFIDs. RFind’s localization works in line-of-
sight, non-line-of-sight, and highly cluttered settings. As a result,
it can operate in multipath-rich indoor environments. Moreover,

3This is possible because there is no carrier frequency offset (CFO) across time mea-
surements since passive tags don’t generate their own RF signal but rather reflect the
reader’s signal.

RFind is fully compliant with today’s standard UHF RFID proto-
col (the EPC-Gen2) as well as with FCC regulations for consumer
electronics.

At a high level, RFind operates by estimating the time-of-flight
from an RFID reader to an RFID tag. It then maps the time-of-flight
to distance by taking into account the propagation speed of RF
signals. To perform 1D localization, RFind leverages one receive
antenna. To enable 2D or 3D localization, it employs two or three
antennas respectively and performs trilateration.

RFind’s time-of-flight estimation has two components:
• Emulating a Large Bandwidth on RFIDs: The first compo-
nent consists of a technique that enables RFind to emulate a large
bandwidth on off-the-shelf RFIDs. The technique operates by
decoupling the frequencies for power delivery and sensing in
RFID communication. By varying the carrier wave of the sensing
frequency over time, RFind can estimate the channel at each
of these carriers. Then, it stitches the channel estimates at the
various frequencies obtained from an RFID over time, realizing a
large virtual bandwidth.

• Localization by Multi-path Suppression and Super-
resolution: The second component of RFind is an algorithm
that accurately localizes RFIDs using the large virtual bandwidth.
The algorithm first identifies the line-of-sight path from RFind’s
reader to an RFID, and eliminates multi-path reflections. Then, it
zooms in on the line-of-sight path through a super-resolution
algorithm to achieve sub-centimeter localization accuracy.
In §3 and §4, we describe the above components in details.

3 EMULATING A LARGE BANDWIDTH ON
NARROWBAND RFIDS

In this section, we explain howRFind can emulate a large bandwidth
on passive RFIDs.

3.1 Frequency Agnostic Modulation
We start by providing intuition into why RFID backscatter is fre-
quency agnostic, then delve into how RFind leverages this property
to emulate a large bandwidth on passive RFIDs. We describe the
different states of RFID modulation at a high level and refer the
reader to [22] for a more detailed explanation. Fig. 2(a) shows the
components of a typical RFID tag with an antenna, an impedance
switch, and a power harvesting unit.4 The switch is controlled by
the RFID’s logic (sequence of 0’s and 1’s), resulting in two states:
• Non-reflective. When the switch is off (i.e., logic=0), it acts as an
open terminal as shown in Fig. 2(b). Since the input impedance
of the power harvesting unit is designed to match the antenna,
the received signal can flow into the circuit, enabling the tag
to harvest as much power as possible. In this state, the RFID is
absorptive or non-reflective.

• Reflective. When the switch is on (i.e., logic=1), it acts as a short
terminal as shown in Fig. 2(c). Hence, the antenna is connected
to ground rather than to a matched circuit.5 Since the impedance
is not matched, there is electromagnetic inhomogeneity which

4The impedance switch is usually implemented as a transistor between the antenna
and the analog ground.
5Recall from basic circuit principles that the equivalent impedance of a circuit in
parallel with ground is zero [25].
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Figure 2: RFID tag antenna impedance control by antenna switch. (a) RFID tag circuit diagram consisting of an antenna, antenna
switch, power harvesting unit, and logic & memory circuitry. (b) RFID tag in non-reflective state. Antenna switch is turned "off", resulting in
an open terminal. RF power flows into the power harvesting unit. (c) RFID tag in reflective state. Antenna switch is turned "on", resulting in
a short terminal. RF power gets reflected by the ground.

results in total reflection. In this state, the RFID is reflective, and
all received power by the antenna is reflected (re-radiated) back
to the reader.
In the above discussion, we described the two states as per-

fectly reflective or perfectly absorptive. In practice, however, the
matching is not perfect. As a result, an RFID switches between
more-reflective and less-reflective states. Nonetheless, the fact that
an RFID switches between two states holds, and is sufficient for
RFind to sense the channel at different frequencies. We call this
the frequency agnostic property of backscatter modulation. RFind
extends this concept to sensing reflectivity changes in the complex
domain rather than only in the amount of reflection power, as we
describe in detail in Appendix A.

3.2 Decoupling Sensing & Power Delivery
RFind leverages the frequency agnostic property of RFID modula-
tion to estimate a tag’s channel over a wide bandwidth. Specifically,
rather than transmitting a single frequency f1 as in today’s RFID
protocol, it transmits at multiple frequencies, e.g., f1 and f2. When
the switch is open, the tag absorbs both frequencies as shown in
Fig. 2(b); when it is closed, the tag reflects both frequencies as
shown in Fig. 2(c). In what follows, we describe how RFind expands
on this idea to emulate a very large bandwidth on passive RFIDs.

3.2.1 How large of a bandwidth can RFind sense?

A natural question is: over how large of a bandwidth can RFind
communicate with an off-the-shelf RFID? Traditionally, due to FCC
regulations, this bandwidth is limited to only 26 MHz. Specifically,
recall that passive RFIDs are batteryless and harness power from
the reader’s RF signal to power up and communicate. To deliver
sufficient power, today’s RFID readers transmit around 36dBm in
the ISM band [9].

Outside the ISM band, however, this power is limited to
−13.3 dBm and 6.7 dBm for average and peak power respectively,6
i.e., 1, 000× lower than the peak power of frequencies within the
ISM band and 100, 000× lower than their allowed average power as
shown in Fig. 3.

To overcome this bandwidth limitation, RFind decouples RFID
power delivery and sensing. In particular, it transmits at two fre-
quencies simultaneously: fp inside the ISM band (to power up the
6FCC Part 15.231 rules that the average radiation limits for unlicensed low-power
transmitter shall not exceed 12,500µV /m at 3 meter distance, so in SI base units, the
EIRP = 0.3 × E2 = −13.3 dBm [1]. The peak power can be higher when applying
duty cycle, with a maximum 20dB peak-to-average ratio as ruled by Part 15.35 [9].
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Figure 3: Decoupling Sensing and Power Delivery. By decou-
pling the frequencies of sensing and power delivery, RFind can
transmit at an extremely low-power sensing frequency fs outside
the ISM band. This enables it to emulate a large bandwidth while
remaining complaint to FCC regulations.

tag) and fs outside the ISM band (at much lower power) as shown in
Fig. 3. An RFind reader uses fp to power up the tag, and fs to sense
the tag’s backscatter reflection. RFind exploits the fact that RFID
backscatter is frequency agnostic to sense the channel at fs despite
its very low power. Finally, in order to sense the channel over a
wide bandwidth, RFind varies fs over time and collects channel
measurements.

To investigate the feasibility of this idea, we run an experiment
where we transmit at one high-power frequency and sweep the
low-power sensing frequency fs over 300 MHz. In this experiment,
the tag is in direct line-of-sight of RFind’s antenna. Fig. 4 shows the
output of our experiment in blue when we plot the SNR (Signal-to-
Noise Ratio) over the sensing frequency. We make few observations
about this figure:

• First, RFind can sense the channel over a bandwidth of over
300 MHz, i.e., around 10× larger than the ISM band for UHF
communication, despite the low-power sensing frequency fs .

• Second, the SNR is highest at the ISM band (between 902-
926 MHz). Such result is expected since an RFID tag’s antenna
and matching circuit are designed to be flat over this frequency
range. Outside this frequency range, the SNR fluctuates since the
RFID’s circuitry is not matched.

• Third, despite the fact that fs is more than 30 dB lower than fp
in the ISM band, the SNR degradation can be relatively insignif-
icant in some parts of the spectrum. For example, at 950 MHz,
the SNR is the same as within the ISM band, despite the signif-
icantly lower-power signal. The underlying reason is that by
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reducing the transmit power at fs , an RFind reader also expe-
riences significantly less noise. This owes to the fact that the
main source of noise in RFID readers is the phase noise induced
by the self-leakage of the transmitted signal [37].7 In particular,
recall that RFID readers are full-duplex systems, and they trans-
mit and receive on the same frequency. Moreover, the power of
the phase noise due to self-leakage is proportional to the power
of the transmitted signal itself.8 This is why the noise floor is
reduced by the same ratio as the sensing frequency fs , resulting
in negligible SNR degradation over certain parts of the spectrum.

• Finally, we observe that the envelope of the SNR (red line in
Fig. 4) degrades as we move further from the ISM band. This
owes primarily to the beam pattern of the antennas of the RFID
and the reader.

3.2.2 Channel Estimation

Now that RFind has a mechanism to sense the tag’s response at
different sensing frequencies, it can apply standard channel estima-
tion techniques to recover the channels at each of these frequencies.
In particular, it uses the known preamble pt of the tag’s responseyt
to obtain an estimate of the channel hk at a given sensing frequency
fk as follows:

hk =
∑
t
ytp

∗
t (1)

By repeating this operation over different sensing frequencies,
RFind can obtain channel estimates {h1 . . .hK } over a wide band-
width.

3.2.3 Integrating with the EPC-Gen2 Protocol

Next, we describe howRFind integrates its dual-frequency approach
into the EPC-Gen2 Protocol. Fig. 5 shows the different stages of
RFID communication:

(1) A reader initiates a session by transmitting a continuous
wave on a high-power signal at some frequency fp in the
ISM band. The tag harnesses power from the signal to power
up and start decoding.

(2) Then, the reader sends a Query command at fp to the tag
providing it with communication information (modulation,
data rate, etc.). After a tag successfully decodes the Query, it

7In today’s RFID receivers, the phase noise floor is more than 80dB higher than its
thermal noise floor [29, 33].
8In our implementation, we also filter out fp in the analog domain at the receiver,
which eliminates its effect on the phase noise.
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Figure 5: RFind is compatible with the RFID communication
protocol. To incorporate RFind into the EPC-Gen2 protocol, a
reader only needs to transmit at two frequencies rather than one at
the third stage of a communication session.

starts modulating its antenna impedance to transmit a 16-bit
number called RN16.

(3) At this moment, the reader transmits continuous waves at
two frequencies fp and fs . As discussed in the previous
section, because the backscatter modulation is frequency
agnostic, both frequencies are reflected by the RFID. The
reader calculates the channel at both frequencies

(4) Then, the reader sends an ACK at fp and proceeds with
the remainder of the communication session exactly as per
today’s EPC-Gen2 protocol [3].

Note that the fundamental difference between the above proce-
dure and today’s RFID protocol is that during the RFID backscatter
stage (i.e., step 3), the reader transmits at two frequencies (fp and
fs ) rather than at just one frequency (fp ). One might wonder if
transmitting at fs might be sufficient during this stage if all the
reader needs is to measure the channel at fs . Recall, however, the
tag still needs to harvest power when it is in the absorptive (or non-
reflective) state of its backscatter modulation as described in §3.1.
In fact, our experiments demonstrated that without transmitting
at fp , the communication session is interrupted since the tag runs
out of power during the backscatter stage. This is why the reader
should transmit at both frequencies during the stage of backscatter
modulation.

3.2.4 Putting it together

RFind’s technique to emulate a large bandwidth on passive RFIDs
operates in three key stages:
• The first is a dual-frequency excitation technique, whereby the
reader transmits at both a frequency fp inside the ISM band and
another extremely low power frequency fs outside the ISM band.
It uses fp to power up the tag and communicate with it, and it
uses fs to estimate the channel of the tag at the corresponding
frequency.

• Second, RFind repeats the above operation at different fs carrier
waves. In our implementation, RFind hops fs over K consecutive
carriers { f1, f2, · · · , fK } as depicted in Fig. 3, where the spacing
between adjacent carriers is equal to ∆f . However, our technique
is more general and can be used with a randomized hopping
pattern.

• Finally, RFind leverages the fact that there is no carrier frequency
offset (CFO) across the measurements. Hence, it can juxtapose
the channel measurements obtained at different points in time



with the assumption that they were captured simultaneously.9
This enables it to measure a large bandwidth of 300 MHz on
off-the-shelf RFIDs.

It is worth noting that despite its large bandwidth of operation,
incorporating RFind’s design in today’s readers likely requires only
firmware modifications. Specifically, even though RFID readers
can only transmit at a very narrow communication bandwidth,
the center frequency of their communication can be varied over
more than 100 MHz. This is because RFID readers are designed to
accommodate for differences in regulations on the UHF band across
regions and countries [3]. For example, while the UHF ISM band in
the US is 902-928MHz, China assigns two bands: 840.25-844.75MHz
and 920.25-924.75 MHz. In fact, this is also why RFID tag antennas
are designed to be wideband despite that passive RFIDs can only
support very narrow communication bandwidth of tens to hundreds
of kHz. These underlying design properties make RFind amenable
to practical use with today’s passive RFIDs and readers.

4 LOCALIZATION USING LARGE VIRTUAL
BANDWIDTH

So far, we have demonstrated how RFind can emulate a large band-
width on passive off-the-shelf RFID tags. Next, we discuss how
RFind uses the large bandwidth in order to localize an RFID tag. In
this section, we focus on how it can localize a single tag. However,
the technique generalizes to any number of tags in the environment.

RFind’s localization algorithm operates in two stages. First, it
leverages the bandwidth to tease apart the different paths traversed
between an RFID and the reader, and identify the line-of-sight (LOS)
path. Second, it zooms into the LOS path through super-resolution
technique to achieve sub-centimeter localization accuracy.

4.1 Identifying the LOS path
In indoor environments, RF signals bounce off different obstacles
(such as ceilings, walls, and furniture) before arriving at a receiver.
This phenomenon is called the multipath effect. In order for RFind
to localize an RFID, it first needs to identify the LOS path among
all these paths. Below, we describe how RFind can identify the LOS
path and obtain a rough time-of-flight estimate of that path.

Recall from §3.2.4 that RFind obtains the channel estimates in the
frequency domain. To identify the LOS path, RFind needs to trans-
form the channels from the frequency domain to the time domain,
i.e., it needs to perform an inverse fourier transform. While there
are various ways to implement an inverse fourier transform, RFind
leverages the Inverse Fractional Fourier Transform (IFRFT) [15]
since it incorporates an interpolation mechanism; hence, it provides
RFind with a finer-granularity initial estimate of the time-of-flight.

Mathematically, let us denote the channel estimates as
h1, · · · ,hK at K different carrier frequencies. To obtain the time do-
main representation, RFind performs the following IFRFT operation:

S(τ ) =
K∑
k=1

hke
j2π (k−1)∆f τ (2)

where τ denotes the delay in the time domain. The solid black line in
Fig. 6 shows the output of this operation when it is performed over
9In contrast, this assumption does not hold for WiFi transmissions. Hence, past WiFi-
based proposals that perform frequency hopping introduce various techniques to
address offsets such as packet detection delay and CFO [51, 55, 56].
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RFind to tease apart the different channel taps and identify the
LOS as the path that arrives earliest in time. In contrast, a delay
profile computed only with the 26 MHz ISM band does not provide
sufficient resolution in isolating the paths.

an emulated bandwidth of 220 MHz. The figure plots the power
as a function of the delay τ . The delay profile exhibits multiple
peaks, each of which corresponds to a different path traversed
by the RFID’s signal. To identify the LOS path, RFind leverages
the fact that the LOS arrives earliest in time, since all multi-path
reflections traverse indirect paths as they bounce off reflectors,
hence traversing a longer distance and experiencing a longer delay.
It then uses the delay corresponding to the first peak as an initial
estimate for the distance to an RFID.

To demonstrate the significance of a large bandwidth, we repeat
the IFRFT operation over only the 26MHz ISM band and plot the
delay profile as a dashed red line in Fig. 6. The plot shows that
with such a small bandwidth, we are unable to tease apart the LOS
path from the indirect paths. Intuitively, this is because when the
bandwidth is smaller, the different paths merge into each other.
Mathematically, at the output of an inverse fourier transform, each
path is convolved with a sinc function whose width is inversely
proportional to the bandwidth. Specifically, if there are L paths with
delays {τ1 . . . τL}, we can write the output of the IFRFT as:

L∑
i=1

aisinc (B(t − τi )) (3)

where B is the bandwidth and ai is the complex amplitude of the
corresponding path. Hence, larger B results in fatter sinc functions.
In particular, the resolution in separating multipath is the width of
the sinc function main-lobe, given by [11]:

Multipath Separability = 1/B (4)

Note that the final resolution in estimating each of the paths can
be much finer, and is a function of the SNR and the sparsity of
multipath [24]. In §6, we empirically evaluate the performance of
RFind as a function of the sensing bandwidth.

4.2 Super-resolution Algorithm
In the previous section, we described how RFind can identify the
LOS path and provide an initial distance estimate. However, this
estimate is biased by noise and by leakage from othermultipath com-
ponents (due to the sinc effect described in §4.1). Below, we describe
how RFind refines the initial estimate using a super-resolution al-
gorithm.
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Figure 7: RFind’s super-resolution technique consists of a
clustering algorithm that resolves phase cycle ambiguity. It
constructs a cluster by choosing one potential distance from each
frequency and then finds the cluster which has the minimumWCSS.

To refine the distance estimate, we would like to leverage phase
information. In particular, in the presence of a single LOS path, the
phase ϕk on the k-th carrier can be written as a direct function of
the distance d :

ϕk =
2π
λk

d mod 2π (5)
Leveraging this phase, however, is complicated by multiple factors.
First, the phase can only be measured mod 2π ; this creates ambigu-
ity in resolving the distance (mod λ). Second, the above equation
assumes a single LOS path and ignores both noise multipath.

RFind’s solution to these challenges consists of two steps. First,
it uses the initial distance estimate from §4.1 as a filter to mitigate
the impact of multipath and recover a phase estimate that can be
approximated by Eq. 5 at each of the frequencies fk . Second, it
performs an optimization algorithm across the approximate phases
calculated at the different frequencies to mitigate the impact of
residual noise and leakage. In what follows, we explain these steps
in details.

4.2.1 Obtaining Filtered Phase Estimates

Recall that by performing an inverse fourier transform, RFindmoves
the channel estimates from the frequency domain to the time do-
main. In doing so, it loses the structure of the phase information
at each of the subcarriers according to Eq. 5. In order to recover
that information, it needs to transform the delay profile back to the
frequency domain, while mitigating multipath.

To recover phase estimates at each of the frequencies fk while
mitigating multipath, RFind constructs a transform that exploits the
LOS estimate of the distance d̃c0 as a filter. Specifically, it projects the
channels hK at the different frequencies on its estimate of the chan-
nel caused by the LOS path. In Appendix B, we demonstrate that
such projection can be realized through the following operation:

θk = ∠
K∑
i=1

hie
j 2πc (fi−fk )d̃c0 (6)

where c is the speed of propagation. Effectively, this operation
reinforces the signal strength on line-of-sight path and suppresses
the leakage from the multi-path reflections.

4.2.2 Combining Estimates Across Frequencies

Now that we have the filtered phases at different frequencies, we
formulate an optimization function that combines them in order
to resolve phase ambiguity. RFind’s optimization algorithm is in-
spired by past work that leverage multi-frequency techniques for
localization [37, 51, 56]. In contrast to past algorithms, RFind takes
advantage of the fact that it already has an initial distance estimate.

Specifically, RFind’s search is bounded by Eq. 4 which limits
the potential candidate distances to within a search range of c/B.
Rather than searching over an infinite number of potential can-
didate distances due to the 2π ambiguity of Eq. 5, the number of
potential candidates from each θk is:

# candidates =
c

Bλ
(7)

Since RFind can emulate a bandwidth over B = 220MHz on UHF
RFIDs (whose λ is 33 cm), its search is limited to five candidate
distances from each frequency k .

Fig. 7 demonstrates the intuition underlying RFind’s optimization
function. The figure shows the five candidate distances at each λk
(or frequency fk ). The potential candidates can be clustered into
different groups. Finally, the cluster that has the smallest width
would correspond to the true location, since it is the onemost robust
to noise and leakage. Mathematically, RFind constructs different
clustersC, each ofwhich consists of one distance estimate from each
frequency. Then, it selects the cluster that has the minimum within-
cluster sum of squares (WCSS). We can formulate the optimization
function as follows:

argmin
C

∑
d̂ ∈C

|d̂ − µ |2 (8)

where µ is the cluster center. The optimization function can be
solved in linear time by exploiting the fact that the unwrapping
function is monotonic across λk . Said differently, a given candidate
at λk+1 can be mapped to the closest unwrapped candidate at λk .

After identifying the minimum WCSS cluster, the super-
resolution distance estimate can be expressed as:

d̃s0 = µ (9)

The above algorithm enables RFind to find the distance from a tag
to a single receiving antenna, which determines a circle in 2D and a
sphere with a fixed radius in 3D space. To obtain 2D or 3D locations,
RFind leverages two or three antennas respectively and performs
trilateration.

5 IMPLEMENTATION & EVALUATION
We implement a prototype of RFind using USRP N210 software
radios [8] and test it with a variety of commercial RFID tags [12,
45, 49].
Reader Implementation. We adapt a USRP RFID reader devel-
oped in [30] and integrate RFind’s design into the EPC Gen2 proto-
col as described in §3.2.3. RFind’s transmit-side implementation of
an RFID reader uses two USRPs with SBX daughterboards [7]: the
first USRP transmits at 30 dBm at a frequency fp for power delivery
and communication10 and the second USRP transmits a sensing
frequency fs at extremely low power (with an average radiation
10fp can be inside the ISM band (902-928 MHz) or in white spaces.



power at −15dBm and a peak power at −3dBm11) and sweeps it
over 220MHz bandwidth. These transmit powers are complaint to
FCC regulations for consumer electronics [9]. The two USRPs are
synchronized by an external clock [2].

To perform 3D localization, RFind’s receive-side implementation
uses three USRP N210, each with a patch antenna [6], an external
receive chain, and an LFRX daughterboard [5]. We design RFind’s
external receive chain such that it performs coherent decoding sim-
ilar to an off-the-shelf reader. The receive chain consists of a filter, a
variable gain low noise amplifier (LNA), and an I/Q mixer. The filter
eliminates strong leakage from the power delivery carrier fp , and
is essential to mitigate self-jamming and reduce the phase noise
induced by the high-power self-leakage from fp . After filtering,
the received signal is amplified by an LNA and down-converted
to baseband by mixing with the sensing frequency fs through an
I/Q mixer that feeds to an LFRX daughterboard of the USRP. The
USRPs samples baseband I/Q signals which are postprocessed in
MATLAB.

Our MATLAB implementation incorporates a Chebyshev-I digi-
tal bandpass filter that rejects residual low-frequency noise then
performs matched filtering to recover the channel estimates. We
perform a one-time calibration step to account for over-the-wire
offsets and for changes in the reflection coefficient at different fre-
quencies. In our evaluation, the estimated channels are divided by
those acquired during the calibration step. The channels are then
processed according to the algorithms described in §4 to obtain a
tag’s 3D location.
Latency. Our current implementation requires around 6.4 seconds
to output a location. This latency is primarily due to RFind’s fre-
quency hopping pattern (i.e., the second step of §3.2.4) as it sweeps
over 220 MHz. Specifically, we set ∆f to 10 MHz, and the USRP-
based reader requires around 130 ms to switch and lock to a new
sensing frequency fs in order to collect channels at that frequency.
Note that this latency could be decreased by increasing the hopping
step∆f ; however, increasing∆f may result in time-domain aliasing
of the channel taps in multi-path rich environments. This is be-
cause increasing ∆f results in sub-sampling the frequency domain,
which leads to aliasing in the time domain. The super-resolution
algorithm latency is sub-millisecond.
Commercial RFID tags. Unless otherwise noted, our experiments
are performed with the most widely deployed type of passive RFIDs:
the Alien Squiggle RFIDs [12]. Each of these tags costs 5-10 cents.
To demonstrate the generality of RFind’s techniques, we also tested
a variety of other commercial tags such as the Omni-ID Exo tag [45]
and the Smartrac tag [49].
Evaluation. We evaluate RFind in multi-path rich indoor environ-
ments, and test it in both LOS and NLOS settings. Our experiments
are performed in an office building with different types of indoor re-
flectors including tables, chairs, computers, ceilings, and walls. The
experimental environment consists of an office lounge that spans
an area of 10m × 12m, and we performed localization experiments
in multiple sites against different multipath backgrounds. The area
includes office cubicles that are separated by dividers consisting
of 20cm thick 2m-tall separators made of two layers of wood. For

11Note that fs is heavily duty-cycled due to the hopping pattern.
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Figure 8: CDF of 2D Localization Accuracy. The figure shows
2D accuracy CDFs of RFind (blue), RFIDraw (red), and AoA (green).

NLOS experiments, these separators ensure that there is no LOS
path between RFind’s antennas and the localized RFIDs. Finally,
unless otherwise noted, RFind’s receive antennas are separated by a
distance of 20 cm in the x/y/z dimensions from its transmit antenna.
Baselines.We compare RFind to state-of-the-art RFID localization
schemes. Our baselines are: RFIDraw [54] and the AoA [14]. Similar
to RFind, these state-of-the-art schemes do not require reference
tags or reader/tag motion.12 We implement RFIDraw and AoA with
8 antennas spanning an area of 2m× 2m, following the antenna pat-
terns described in the respective papers. We implement RFind with
only three receive antennas, placed within 20 cm of the transmit
antenna.
Ground Truth. To obtain accurate ground truth RFID locations,
we use the Bosch GLM 35 Laser Measure [4], which enables us to
measure distances with sub-millimeter precision. Such precision is
necessary since RFind achieves millimeter-scale ranging accuracy.

6 RESULTS
6.1 Comparison to State-of-the-Art
We start by comparing RFind’s localization accuracy to the state-of-
the-art techniques described in §5: RFIDraw and AoA. In fairness
to these past techniques, we focus on 2D localization since both
RF-IDraw and AoA are evaluated in 2D. In §6.2, we evaluate RFind’s
3D localization accuracy.

We performed 150 experimental trials. In each trial, an RFID tag
was placed randomly within the evaluation environment described
in §5. Since the read range of off-the-shelf RFIDs is constrained by
the ability to power them up at distances larger than 5-6 m, we
discard instances where the RFIDs do not respond. Fig. 8 plots the
CDF of 2D localization error for RFind, RFIDraw, and AoA. We
observe the following:
• RFind achieves amedian accuracy of 0.91cm and a 90th percentile
accuracy of 1.92cm in 2D localization. In contrast, RFIDraw’s
median and 90th percentile accuracy is 19cm and 61.6cm; these
results are comparable to RFIDraw’s implementation which also
reports a median localization accuracy of 19 cm.13 This demon-
strates that RFind achieves 21× improvement for the median ac-
curacy and more than 32× improvement for the 90th percentile
accuracy over state-of-the-art localization systems that do not

12In contrast, past proposals that can achieve higher accuracy require moving the tag
or the reader on a predefined trajectory at a predefined speed [40, 48, 57].
13[54] calls this the initial position accuracy.
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Figure 9: Sample output of the estimated RFID locations by
RFind and RFIDraw. RFind’s location estimations (indicated by
crosses) enable pinpointing the location of the items they tag
whereas RFIDraw’s estimations (indicated by x’s) cannot assign an
RFID’s location to the item it tags.

require reference tags or motion. Moreover, RFind can achieve
this improvement despite the fact that it operates with only three
closely-spaced receive antennas in contrast to RFIDraw which
needs 8 antennas that are separated by 2 m. Such improvement
is expected since RFind incorporates mechanisms to directly esti-
mate the time-of-flight on off-the-shelf tags.

• Both RFind and RFIDraw outperform AoA approaches, which
achieve a median accuracy of 42.4cm and a 90th percentile error
of 129cm.

• Finally, to demonstrate the significance of such accuracy, we show
one of our experimental results in Fig. 9. The figure shows four
RFID-tagged items placed on a mat and overlays the estimated
locations by RFind and RFIDraw. The figure demonstrates that
RFind can pin down the locations of these items while RFIDraw
lacks the ability to assign the RFID to the location of the item it
tags. These results demonstrate that RFind can be used for local-
ization applications requiring high accuracy such as in supply
chains, factories, and retail stores.

6.2 3D Localization Accuracy
Next, we evaluate RFind’s 3D localization accuracy in both LOS and
NLOS settings. In our evaluation, we place two of RFind’s receive
antennas on the ground, separated by 80 cm and elevate a third
antenna by 60 cm above the ground. We evaluate RFind’s perfor-
mance by placing an RFID at different 3D locations throughout
the experimental environment described in §5. We also vary the
location of the reader setup throughout the evaluation area. Since
the read range of off-the-shelf RFIDs is constrained by the ability
to power them up from a distance, we discard instances where the
RFIDs do not respond. For NLOS experiments, the reader’s antennas
are separated from the RFID by 20 cm-think office dividers made of
two layers of wood. Similar to past RFID literature [14, 42, 52, 54],
we cannot do cross-room validation since a reader cannot power
an RFID from another room.

We run 80 experimental trials and plot the CDF of accuracy along
the x/y/z dimensions for the LOS and NLOS scenarios in Figs. 10(a)
and (b) respectively. The figures reveal the following findings:

• In both LOS and NLOS settings, the median error is less than
1.1 cm along each of the x , y, and z dimensions. Moreover, even

the 90th percentile error is less than 2 cm in x/y and less than
4 cm in the z dimension.

• The accuracy in LOS is higher than in NLOS settings. Such a result
is expected since the SNR of the line-of-sight path degrades in
NLOS, resulting in lower accuracy.

• The accuracy is higher in x/y than in the z dimensions. This is
due to the fact that in our 3D evaluation experiments, the RFID
was oriented vertically; hence, it is longer along the z dimension
than along the x/y.

• Finally, we note that our discussion in §4.1 assumes that in NLOS
settings, the direct path is not completely blocked (e.g., by metal)
yet it may be significantly attenuated by an obstacle. To gener-
alize to scenarios where the direct path is completely blocked,
RFind can add additional antennas and perform clustering and
outlier rejection (similar to past localization proposals, e.g., [56]).

6.3 Accuracy vs. Different Parameters
Next, we would like to evaluate RFind’s localization accuracy as a
function of different system parameters: distance, bandwidth, and
antenna separation:
Accuracy vs. Distance. First, we evaluate RFind’s localization
accuracy as a function of distance. For simplicity, we focus on 1D
localization, and repeat the above experiments at 1 m increments.
The ground truth is reported using the laser measure described
in §5. Fig. 11(a) shows the median and 10th and 90th percentile
errors as a function of distance from the receive antenna. The
figure demonstrates that the median error increases gradually with
distance, but remains about 1cm even at 6m. The 90th percentile
at 6 m degrades to around 17 cm; this is due to the fact that at
this distance, the SNR drops below the 3 dB threshold for a large
number of frequencies, forgoing the benefits of a large bandwidth.
Finally, note that beyond 6 m the RFID reader is unable to reliably
power up an RFID tag similar to past reported work with USRP
readers [53].
Accuracy vs. Bandwidth. Next, we evaluate RFind’s localization
accuracy as a function of emulated bandwidth. Recall that RFind’s
localization accuracy comes from its unique ability to emulate a
large bandwidth on today’s off-the-shelf RFID tags. To understand
the influence of bandwidth on localization accuracy, we vary the
bandwidth of sensing frequencies provided to RFind’s localization
algorithm described in §4. We use the same dataset from §6.2 but
focus on 1D accuracy for simplicity.

Fig. 11(b) shows the impact of bandwidth on localization accu-
racy. The plot demonstrates that the localization accuracy mono-
tonically improves with increased bandwidth. Specifically, if RFind
only uses frequencies within the 26MHz ISM band, the median
errors before and after super resolution are 73 cm and 33 cm respec-
tively and the 90th percentile is over 3 m. The median error quickly
decreases with bandwidth and drops below 1 cm for bandwidths
larger than 120MHz. This is because increased bandwidth provides
finer granularity in teasing apart the LOS path from the multipath.
Note, however, due to the stochastic nature of indoor multi-paths,
achieving sub-centimeter accuracy at the 90th is only realized when
the bandwidth exceeds 200 MHz.
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Accuracy vs. Antenna Span. In past antenna array-based local-
ization systems such as RFIDraw [54], a large antenna span (or
aperture) is critical to achieve high accuracy since a larger aperture
results in a narrower beamwidth. Hence, these systems require
separating their antennas by more than 2 m. In contrast to these
past systems, RFind can directly measure the time-of-flight; hence,
we expect the antenna span to have less impact on its performance.

To evaluate the impact of antenna separation on RFind’s accu-
racy, we perform 2D localization experiments by gradually increas-
ing the separation between RFind’s receive antennas. We run 50
experimental trials and plot the output in Fig. 11(c). The figure
shows the median and 90th percentile accuracy as the antenna
span is varied from 40 cm to 2 m. The figure demonstrates that the
antenna span has minimal impact on 2D localization accuracy. In
fact, RFind can achieve sub-centimeter localization accuracy even
with 40cm antenna span. This is due to the fact that RFind can
directly compute 1D estimates with sub-centimeter accuracy. In-
terestingly, the accuracy is slightly higher when the antenna span
is smaller. This owes to a slight improvement in SNR when the
antennas are closer to the RFID of interest with a smaller aperture.
This ability to perform accurate localization using a small antenna
span suggests that RFind’s design can enable compact and mobile
RFID localization system.

7 RFIND IN APPLICATIONS
Finally, we would like to qualitatively test RFind in a number of real-
world applications. Fig. 12 shows multiple instantiations of RFind
for various applications. In each row of Fig. 12, the first column
shows the test setup, the second column shows RFind’s output, and

the last two columns overlay the output over the real-world images.
Across all these applications, RFind could achieve the same level of
accuracy reported in the quantitative results above.

8 RELATEDWORK
RFind is related to past work in three areas: localization of com-
mercial RFID tags, ultra-wideband tag designs, and microscopic
optical imaging. In contrast to all past work, RFind introduces the
first system that emulates a large bandwidth on commercial tags,
bringing the benefits of large bandwidth to billions of RFIDs already
deployed. In doing so, it enables sub-centimeter 3D localization in
multipath-rich environments. In what follows, we discuss how it
relates to prior art.

(a) RFID Localization. The topic of RFID localization has gained
much attention from the academic community over the past decade.
Early proposals in this space relied on measuring the received
signal strength (RSS) [16, 18, 41, 59], the angle of arrival (AoA) [14,
32, 38, 60], and the received signal phase [13, 35]. However, these
proposals are based on line-of-sight assumptions and cannot deal
withmultipath. In particular, reflections off various objects in indoor
environments (walls, ceilings, furniture) create constructive and
destructive interference, making RSS and the phase of the received
signal unpredictable. Moreover, since the strongest path between
an RFID and reader may not always be the direct line-of-sight
path but rather the one arriving off a side reflector, AoA can suffer
from multi-meter errors in non-line-of-sight environments [53].
Moreover, in contrast to RFind, past multi-frequency techniques
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Figure 12: RFind in Real-World Applications. (a) shows closed boxes containing RFID-tagged objects. (e) shows a gamer whose fingers
are tagged with RFIDs. (i) shows a pile of clutter under which lay two items the robot needs to find. (b), (f), and (j) show RFind’s output in
identifying and localizing the objects. (c), (g), and (k) overlay our output over the images. After removing the occlusions in (d), (h), and (l),
we can see that RFind’s localization is very accurate.

are restricted to the ISM band, and hence lack the ability to tease
apart multipath from the line-of-sight path.

Recent proposals that can address multipath fall under two
main categories: reference-based and motion-based techniques.
Reference-based proposals require manually deploying a dense,
surveyed grid of reference tags throughout the area of interest and
localize a tag by matching it to the grid [17, 26, 53]. Motion-based
proposals either require moving a reader’s antenna over multiple
wavelength (2-3 meters) [48, 52] or they require prior knowledge
of the exact trajectory and exact speed of a tag and match it to a
location on that trajectory, by leveraging inverse synthetic aperture
radar (ISAR) or holographic techniques [40, 46, 57]. In contrast,
RFind neither requires mechanical motion nor the deployment of
reference tags in the environment. In particular, because RFind can
directly measure the time-of-flight, it has intrinsic mechanisms that
enable it to accurately localize RFIDs and eliminate multipath.

Finally, some recent proposals such as RFIDraw [36, 42, 54]
demonstrate very high tracking accuracy but a localization accuracy
of tens of centimeters. In particular, by measuring phase changes
over time, these proposals can track small changes in the relative

location of a tag and recover its trajectory. Hence, they can recover
a tag’s trajectory but cannot know exactly where that trajectory
was traced. In contrast, RFind enables sub-centimeter localization
accuracy using time-of-flight measurements, demonstrating 21× lo-
calization improvement over these past proposals as we empirically
demonstrated in §6.

(b) Ultra-wideband RFID tags. Past research has explored de-
signing ultra-wideband tags. Due to their large bandwidth, these
tags enable estimating the time-of-flight, and hence can deal with
multi-path and achieve high accuracy localization [31, 37, 47, 58].
However, these proposals require building new hardware and, as
a result, have multiple drawbacks: they are expensive, they are
non-compliant with the RFID standard, and most of these proposals
are not compliant with FCC regulations. More importantly, these
proposals require replacing the billions of tags already produced
and deployed annually.

In contrast to these past proposals, RFind leverages a realiza-
tion that RFID backscatter communication is frequency agnostic,



enabling us to emulate ultrawide bandwidth on the billions off-the-
self tags already deployed. In particular, RFind can sense an RFID
tag’s response even outside the ISM band by transmitting signals
below FCC spurious emission limits, making it both EPC-Gen2 and
FCC compliant. Moreover, RFind introduces multi-path filtering
and super-resolution algorithms that enable it to zoom in on a tag’s
location with sub-centimeter precision, i.e., at a finer granularity
than enabled by its sensing bandwidth.

(c) Two photon microscopy. RFind is inspired by a technique
from optical physics called two-photon microscopy [21, 27], which
is used for deep tissue imaging. The technique fires one photon
to excite the layer of interest inside the tissue, and uses a second
photon to perform imaging. These photons may be at the same
or different visible-light frequencies. Similarly, RFind leverages a
frequency inside the ISM band to excite or power up a tag and
another frequency outside the ISM to perform sensing. However,
RFind differs from two-photon microscopy in both techniques and
problem domain. Specifically, in contrast to two-photon microscopy
which was designed for improve fluorescence imaging in thick
specimens, RFind is designed for RFID localization and makes a
realization about RFID backscatter that enables it to accurately
localize RFIDs.

9 CONCLUSION
We present RFind, a system that enables emulating a large virtual
bandwidth on off-the-shelf passive RFIDs. In this paper, we use the
large virtual bandwidth to estimate the time-of-flight and achieve
centimeter-scale localization accuracy without reference tags or
reader/tag motion. However, we believe that the implications of
such large bandwidth extend beyond localization and pave way for
exciting new avenues for exploration in RFID communication and
security.

Appendix A: Sensing Reflectivity Changes over a Wide
Bandwidth.
The reflection of an RFID can be expressed as a function of the tag’s
electromagnetic (EM) reflection co-efficient γ [43]. Assume the in-
cident electric field to the tag is Ein , we can express the reflected
electric field Er ef as:

Er ef ∝ Einc × γ (10)

γ is a complex number which a function of the frequency dependent
antenna impedance Za (f ) and the effective chip input impedance
Zc

ef f (f ), and can be expressed as follows [43]:

γ =
Ra (f )

Za (f ) + Zc (f )
ef f

(11)

where Za (f ) = Ra (f )+ jXa (f ). Ra (f ) and Xa (f ) are the frequency
dependent real and imaginary parts of antenna impedance. The ef-
fective chip input impedance is affected by the switching transistor.
Specifically, when the switch is open Zc

ef f (f ) = Zc (f ); when it is
closed, Zef f

c (f ) ≈ 0. Hence, γ switches between:

γopen =
Ra (f )

Za (f ) + Zc (f )
and γclosed =

Ra (f )

Za (f )
(12)

A RFind reader senses the reflected field difference in the complex
domain which can be expressed as:

Edif f ∝ Ein (γclosed − γopen ) ∝ Ein
Ra (f )Zc (f )

Za (f )(Za (f ) + Zc (f ))

Typically, RFIDs are designed such that the field difference is max-
imized at the desired antenna center frequency. Outside the de-
sign bandwidth, the differential field gradually decreases due to
impedance mismatch. Note that in RFID tag designs, matching
is much more critical for power delivery on the downlink rather
than it is for the backscatter response on the uplink. Since RFind
powers up an RFID tag using one carrier inside ISM band, the tag
would always power up and switch the impedance. Such complex
impedance switching can be sensed outside the optimal frequency.

To illustrate this concept, consider the following simple practi-
cal model [50]: Assume Zc = R which is purely resistive and an
equivalent RLC circuit model for antenna, Za = R+ jωL+ 1

jωC . The
antenna center frequency is fc = 900MHz and the quality factor of
the antenna is Q = 10. So

γclosed − γopen =
1

(2 − jQ(1 − (
f
fc
)
2
))(1 − jQ(1 − (

f
fc
)
2
))

(13)

The resultant SNR degradation from 900MHz to 750MHz is 17dB
which is about the same amount of SNR degradation shown as
measured from our experiment with a real tag in Fig. 4.
Appendix B: Recovering PhaseWhileMitigatingMulti-path.
We show that Eq. (6) reinforces the LOS path component and sup-
press leakages from multi-paths. Assume there are L multi-paths
whose distances are d1,d2, ...,dL , and that d0 is the real LOS dis-
tance. The channel hk can be expressed as:

hk = a0e
−j 2πc fkd0 +

L∑
l=1

ale
−j 2πc fkdl (14)

where d̃c0 is the coarse LOS distance estimate derived from IFRFT.
By factoring in hk , we rewrite Eq. (6) as:

θk = ∠a0e
−j 2πc fkd0

K∑
i=1

e j
2π
c (i−k )∆f (d̃c0 −d0)

+ ∠
L∑
l=1

ale
−j 2πc fkdl

K∑
i=1

e j
2π
c (i−k)∆f (d̃c0 −dl ) (15)

Since (d̃0
c
− d0)∆f /c << 1:

K∑
i=1

e j
2π
c (i−k )∆f (d̃c0 −d0) ≈ K (16)

while d̃c0 − dl is large, resulting in������
∑K
i=1 e

j 2πc (i−k )∆f (d̃c0 −dl )

K

������ ≈ |sinc(B(d̃c0 − dl )/c)| ≪ 1 (17)

Thus, LOS is reinforced while multipath leakage is suppressed.
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