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Ultra Low-Latency Backscatter for Fast-Moving Location Tracking

JINGXIAN WANG, Carnegie Mellon University

VAISHNAVI RANGANATHAN, Microsoft Research, Redmond
JONATHAN LESTER, Microsoft Research, Redmond
SWARUN KUMAR, Carnegie Mellon University

This paper explores building an ultra-low latency and high-accuracy location tracking solution using battery-free tags. While
there is rich prior work on location tracking with battery-free RFID tags and backscatter devices, these systems typically
face tradeoffs with accuracy, power consumption, and latency. Such limitations make these existing solutions unsuitable
for emerging applications like industrial augmented reality which requires tracking fast-moving machinery; monitoring
indoor sports activities that require real-time tracking of fast-moving objects with high precision and under stringent latency
constraints.

We propose and demonstrate FastLoc, a precision tracking system that locates tiny, battery-free analog backscatter tags at
sub-millisecond latency and sub-centimeter accuracy. FastLoc is a hybrid system that simultaneously uses RF and optical
signals to track tiny tags that can be attached to everyday objects. FastLoc leverages the RF channel responses from tags for
estimating the coarse region where the tags may be located. It simultaneously uses the sensed optical information modulated
on the backscatter signals to enable fine-grained location estimation within the coarse region. To achieve this, we design
and fabricate a custom analog tag that consumes less than 150 uW and instantaneously converts incident optical signals to
one-shot wideband harmonic RF responses at nanosecond latency. We then develop a static high-density distributed-frequency
structured light pattern that can localize tags in the area of interest at a sub-centimeter accuracy and microsecond-scale
latency. A detailed experimental evaluation of FastLoc shows a median accuracy of 0.7 cm in tag localization with a 0.51 ms
effective localization latency.

CCS Concepts: « Human-centered computing — Ubiquitous and mobile computing; « Hardware — Wireless devices.
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1 INTRODUCTION

This paper asks: “Can we achieve location tracking with battery-free tags at sub-millisecond latency and sub-
centimeter accuracy using low-cost infrastructure?” While the rich literature on battery-free localization systems
using RF tags [18, 28, 30, 61] traditionally make accuracy the prime metric of performance, this paper also focuses
on a different yet crucial metric: latency. Ultra-low latency is critical to emerging applications such as industrial
augmented reality and indoor sports activities tracking. Consider for example, tracking tag mounted motor parts
spinning at speeds of up to 45 km/h (2500 rpm), where even 32 milliseconds of latency (e.g. of the commercial
optical tracking system — Lighthouse [11] used by SteamVR and HTC Vive) misses 40 cm of movement.
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Localization and tracking research based on RF signals has a broad range that spans from only using RF signal
properties to augmenting those signals with other legacy localization methods which use acoustics or visible
light to achieve centimeter-level accuracy [19, 27, 39]. A review of such work in [62] highlights the key tradeoffs
these systems make between energy efficiency, complexity, accuracy and latency. State-of-the-art localization
systems with sub-centimeter accuracy, in both optical and RF-based systems, force a choice between latency
and complexity of the infrastructure and tags. Traditional active optical and IMU based [12, 20] AR tags tend
to be bulky and require batteries. Further, commercial optical motion capture systems that support passive
retro-reflective markers for tracking require multiple high-resolution cameras which are too expensive and
difficult to set up [17] or using time-intensive mechanical laser scans [11]. Similarly, more recent RF-based
localization solutions for battery-free tags either require time-consuming scans over multiple frequencies to
emulate a wide bandwidth (~6.4 seconds [30]), or require multiple coordinated transmitters [28, 61]. Ideally, we
seek a system that is simultaneously low-cost, ultra low-latency and millimeter-accurate to localize passive tags.

We present FastLoc, a novel backscatter-based localization system which: 1) enables sub-millisecond latency
and sub-centimeter accuracy real-time object tracking; 2) uses low-cost infrastructure that consists of a single-
tone RF transmitter and a pair of low-cost optical projectors; 3) designs custom battery-free, simple analog and
cross-technology FastLoc tags that sense optical signals and communicate them as an instantaneous wide-band
RF response at nanoseconds latency (see Fig. 1 a); 4) develops an intelligent projected optical pattern for sub-
centimeter localization; 5) enables easy tracking of multiple tags simultaneously at low-latency. We show how our
ultra-low power custom tag design achieves the best of both RF and optical systems — achieving 0.7 cm accuracy
and 0.51 ms scanning latency in line-of-sight, validated through extensive experimental evaluation. Even with
only the RF signals, FastLoc achieves a fast and coarse non-line-of-sight (NLOS) accuracy of 31 cm on average,
which is further enhanced by the optical augmentation for fine line-of-sight (LOS) tracking. In addition, FastLoc
tags are designed to operate at less than 150 uW, and can operate with energy harvested from the RF signal.

The key idea behind FastLoc is to design a one-shot optical projector pattern that elicits an instantaneous RF
response from the tag to identify its location. FastLoc’s tags are designed to modulate on top of radio signals from
an always-on sub-GHz RF reader, only when illuminated by light at specific frequencies. When the optical sensor
on the FastLoc tags are illuminated by the projected pattern, each tag modulates the optical information as an
inherently wide-band RF response that is captured by the nearby RF reader at ultra low-latency. FastLoc then
uses this wide-band channel response to estimate a coarse region where the tag may be located (decimeter wide).
FastLoc then uses the color of incident light at the tag that is directly reported in its modulated RF response to
further refine localization. This is because FastLoc leverages a novel structured spatial pattern of colored light
from the projector that always illuminates pixels within the coarse tag region with different colors. We show
how this method further refines tag localization to sub-centimeter accuracy. The rest of this paper addresses two
key challenges in FastLoc’s architecture (see Fig. 1 b): the design of the one-shot wide-band RF response from the
tag and the optical pattern from the projector .

Designing the RF Tag Response: Our first objective in designing the tag response is to ensure that it can
be located within as small a region as possible with a single query (shortest time). Indeed, the rich prior work
on locating battery-free tags informs us that the key metric of interest that dictates location resolution is the
tag response bandwidth. Unfortunately, the state-of-the-art approach of hopping across frequencies to stitch
together high (virtual) bandwidth goes against our low-latency objective, since such hopping can take hundreds
of milliseconds and even seconds.

To address this challenge, FastLoc achieves a one-shot wideband channel estimation of the tag by only sending
a single-tone RF signal from one nearby transmitter. FastLoc’s secret sauce is a novel design of a backscatter tag
that generates a series of harmonics across a wide bandwidth. Typically, such harmonics are naturally generated
by analog circuitry during the RF backscatter process but are normally filtered out as undesirable spurious
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Fig. 1. (a) Prototype device: A single FastLoc tag contains a photodiode and a simple analog RF-backscatter design. We use
two co-located tags to localize, as shown. (b) Architecture: FastLoc uses a pair of blue-filtered and red-filtered co-located
FastLoc tags, with combined optical and RF capability, to localize the tagged object. (See detailed description in Sec. 3.1.)

out-of-band transmissions. In contrast, FastLoc embraces these harmonics to improve tag response bandwidth
and therefore localization accuracy. From our experiments, the harmonics from one FastLoc tag can expand as
much as 50 MHz bandwidth. By leveraging one-shot wideband harmonic response at the reader, FastLoc applies
a super-resolution MUSIC algorithm to localize the tags. FastLoc further supports simultaneously decoding
multiple such tags even when the harmonic signals from different tags collide with each other. At the end of this
process, FastLoc estimates a coarse location of each tag based on the wideband harmonic responses, which can
be further refined to sub-centimeter accuracy through the optical response reported by the tags. Sec. 4 further
details our approach to the RF-based coarse localization.

Designing the Optical Projector Pattern: Following the coarse localization, FastLoc performs a fine-grained
localization of its tags within the coarse region where the tag(s) have already been identified based on their RF
responses. Traditionally, virtual reality scanning systems address searches of this nature by using multiple line
lasers that are mechanically steered over the space of interest, but are subject to steering latency.

In contrast, FastLoc builds on top of low-cost commercial optical projectors to project a specially designed
spatial light pattern (i.e. of differently colored pixels) over the entire space. FastLoc’s optical pattern is specifically
engineered to ensure that even adjacent pixels — about a few mm-wide, when projected — can be disambiguated
based on the light color that a tag senses. Yet, to ensure low cost and power of the tag, this design constraint
quickly exhausts the number of distinct colors that can be projected. To remedy this, FastLoc spatially replicates
and interleaves these colors intelligently so that no two pixels within the same coarse RF region will map to the
same color, without knowing a priori where this coarse region is located. This allows FastLoc to apply a single,
static projector pattern to simultaneously locate multiple tags in a one-shot, regardless of where they are located
in the area of interest, at sub-centimeter accuracy. Sec. 5 describes our design of the optical projected pattern.

Applications: FastLoc opens up several applications which we briefly explain below and evaluate in Sec. 7.6:
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e Motion Tracking for Robotic Manufacturing: FastLoc locates the fast-moving nozzle inside the laser cutter
with ultra-low latency and high precision. Such applications are useful for real-time tracking of fast robotic
arms in places like vehicle assembly lines and warehouses.

e Predictive Maintenance: FastLoc can track fast-moving machinery and detect mechanical failure and
displacement at the first sign of trouble with ultra-low latency. We show that FastLoc tracks the fine-
grained trajectory of a spinning motor part at high precision.

o Fine-grained Gesture Sensing for E-sports and VR Games: FastLoc can detect the fine-grained gestures of
human body when users play games. Such a system would be useful especially for head-mounted Ego AR
applications to enable locating and interacting with tagged objects. For example, we show that FastLoc
transforms an ordinary ping-pong racket to be a VR interaction tool by attaching our tiny tags to the racket.

Scope and Limitations: Owing to our use of optical signals, FastLoc can deliver sub-centimeter accuracy only
in line-of-sight and offers coarser tens of cm accuracy with non-line-of-sight (only RF). We further require the
tag to be oriented in a manner that it can be illuminated by the optical projector pattern. For large objects, this
limitation can be mitigated by placing multiple optical sensors or multiple tags at different orientations. We are
further limited to a range of 5 meters owing to the low-cost optical projectors we use, while we can localize tags
in NLOS up to 10 meters range. Note that while this implementation of FastLoc uses visible spectrum for ease of
demonstration and visualization, we discuss extending FastLoc to work in the infrared (IR) spectrum in Sec. 8.
We also note that the current implementation of FastLoc has compute latency which can be further optimized
with dedicated hardware, we discuss the end-to-end latency in Sec. 8.

We implement FastLoc using one RF transmitter and a pair of commercial projectors that are less than $100.
Our ground truth is the optical Lighthouse Tracker which is widely used by many virtual reality gaming platforms.
Our results reveal that:

e FastLoc’s scanning latency is 0.51 ms (see Sec. 7.1).
e FastLoc shows a median accuracy of 0.7 cm in locating multiple tags in the line-of-sight.
o Customized battery-free analog FastLoc tags consume a power of 150 uW.

Contributions: FastLoc’s core contributions include:
e A novel cross-technology battery-free backscatter tag that leverages optical+RF signals for localization.
e An ultra low-latency (sub-millisecond) localization system that leverages RF wideband harmonics and a
novel static projected optical pattern.
o Detailed experimental evaluation demonstrating sub-centimeter accuracy.

2 RELATED WORK
2.1 RFID/Backscatter Localization

We have seen rich literature on developing wireless techniques to localize low-power devices, such as commercial
battery-free tags [21-23, 51, 54, 60, 61] and custom RF backscatter [15, 16, 25, 29, 33, 50, 53]. These systems
traditionally have errors ranging from few centimeters to tens of centimeters. While past work tries to push the
limit of localization accuracy by stitching the wireless channels at various frequencies over time [30, 33], these
systems only work with static targets as hopping frequencies over a large spectrum takes a few seconds. Other
systems build backscatter tags and passive reflectors for mm-wave that offer higher bandwidth, but nevertheless,
have errors of few centimeters [18, 38, 48, 56] owing to tag form factor or are restricted to only tracking as
opposed to localization. More recently, novel systems have been proposed to significantly reduce the latency of
localization systems to tens of milliseconds. However these systems either require using multiple antennas on
the backscatter tags [33] or using multiple RF transmitters by scanning over the different spectrum [28]. Other
systems that combine RF with out-of-band acoustic sensing for localization only achieve accuracy on the order of
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10 cm at a higher cost/complexity for localization and are typically limited to tracking [19, 39]. While visible
light-based systems have been proposed to offer few centimeters accuracy and reduced latency in localization,
these systems require strictly line-of-sight communication environment, power-hungry cameras [26, 63], or
customized battery-powered and bulky photodiode-based circuitry involving sophisticated computing on the
edge device [57, 64]. Perhaps closest to our system is [43] that uses LED-equipped WISP tags to aid tracking from
robotic platforms, yet requires close proximity of the reader (1.5 - 2 meters) and sufficient latency to power the
tag to the desired level and capture LED flashing responses by a camera. This system is strictly line-of-sight
dependent despite combining RF and optical sensing methods. In contrast to all these systems, FastLoc aims to
achieve sub-millisecond latency and sub-centimeter accuracy from a coin-sized passive tag by only using one
single-tone RF transmitter.

2.2 Optical Tracking

OptiTrack [17] is one of the most standard high-resolution optical tracking solutions. While these motion
capture technologies provide good latency, sub-centimeter tracking accuracy and use passive retro-reflective
optical trackers, they require sophisticated hardware and arrays of expensive cameras. Lighthouse [11] has
been widely used in AR/VR applications [20, 35, 47], it relies on mechanically steering multiple infrared line
scanners to localize the trackers and headsets. While Lighthouse is relatively low-cost (~ $300) and performs
millimeter-level accuracy, it does pose high latency for a wide-area scanning. Although recent research work
builds customized optical infrastructure to improve the latency, it does sacrifice the localization accuracy, add
complexity to the optical projector, and require battery on the optical tags [42]. An alternative optical design is
to project different frequencies/colors along all directions at once using a commercial optical projector. While
this avoided the mechanical steering of the optical source, this approach was constrained by the low-cost and
low-power requirement for our tag. For instance, we could attach about two photo-diodes ($0.5 each) on the
battery-free tags. However, the two photo-diodes can only collectively recognize about 8000 distinct colors due
to its much lower sensitivity to colors, compared to a camera. Thus, this approach only provided the mm-scale
localization resolution if the tag is known to be within a very small space (0.64 m?). This motivated us to explore
an RF-based system to coarsely locate the tag first at about few tens of centimeters of accuracy. In this paper, we
seek to achieve extremely low latency and high accuracy by building battery-free tags and reducing search space
for the optical scanners. Key to our approach is a hybrid design of an optical-to-RF backscatter system.

2.3 Real-Time Tracking

There is rich literature on real-time tracking systems for augmented reality. Bar-code based systems such as
April Tags [52] have been a preferred high-resolution system to serve as passive fiducial markers, have relatively
large form factors and offer centimeter-scale positioning [36]. Non-passive solutions based on BLE [13, 45],
UWRB [32], etc. have also been proposed. Various active [41, 46] and passive [37] systems have been proposed for
tracking, indoor interactions, and sports applications such as ball-tracking where real-time localization is crucial.
The passive systems in particular often require expensive camera platforms, akin to OptiTrack [24]. FastLoc
complements this rich prior work by offering a system that is low-cost, mm-accurate, passive and achieves
ultra-low latency.

3 OVERVIEW OF FASTLOC

FastLoc’s objective is to achieve location and tracking at high-accuracy (few mm) and ultra low latency (on
the order of near over-the-air round-trip-time). In this section, we present our architecture design and research
challenges that the rest of this paper addresses.

Proc. ACM Interact. Mob. Wearable Ubiquitous Technol., Vol. 6, No. 1, Article 30. Publication date: March 2022.



30:6 + Wangetal

FastLoc Tag
Micro-Farad Buffer Supercap Halfwave
Dipole
Energy Harvest & V Regulate (915 MHz)
(BQ25570) Input: SDR TX/RX

Carrier signal f
—
LTC6906 LCMatchto B ((( )))
—> " —
(Oscillator) Antenna

f 10kHz — 1MHz

Projector Pattern

AFE
(ADG902 Reflective RF Switch) fo+f

Fig. 2. Block Diagram of the Battery-free FastLoc Tag. The tag communicates observed optical color as corresponding
frequency modulation backscatter with wideband harmonics. Each tag is designed to harvest energy from RF signals incident
on its halfwave dipole antenna. The nanopower Buck-Boost charger (BQ25570) regulates voltage and buffers charge in a tiny
ceramic pF supercapacitor. Harvested energy is sufficient to power the FastLoc tag whose power budget is lower than 150
UW at 2.3 V. For sensing, the on-board low power oscillator (VCO) is configured to modulate its output frequency in relation
to the impedance of a photodiode sensor; which in turn changes based on the sensed color. The frequency modulation output
is then backscattered by driving an RF reflector switch that is connected across the antenna terminals.

3.1 FastLoc’s Architecture

FastLoc seeks to localize with ultra low-latency and achieve sub-centimeter accuracy using passive, battery-free
tags and low-cost infrastructure. A FastLoc tag is composed of a color-sensitive photodiode and a specially
designed RF-backscatter circuit that is completely analog to ensure simplicity, low-power and low-latency (see
Fig. 2). FastLoc performs a one-shot localization where light from an optical projector (with a static spatial
pattern) and an always-on single-tone signal from one RF transmitter simultaneously illuminate tags. Once the
tag harvests enough RF energy, it instantaneously encodes the color of the light perceived on its photodiode
as frequency shifts on the backscatter response from the tag. FastLoc’s objective is to use both the wireless
channel information from the backscatter response and the color reported by tags to identify their tagged object’s
location. In the implementation of FastLoc, we attach a pair of co-located tags on the tracked object. FastLoc’s
architecture, as shown in Fig. 1 (b), has two phases that are both processed simultaneously at the reader: (1) Use
the RF back-scatter response to identify a coarse region where the tag may be located; (2) Use the color reported
by a pair of co-located tags on the object to fine-tune this location within the coarse region with an error of 7 mm
(roughly about one pixel in length).

Why is FastLoc low latency?: Aside from computational latency (which is platform-dependent and can be
optimized with dedicated circuitry), FastLoc is solely bottle-necked by the latency of accumulating a minimum
length of I/Q samples, to resolve frequency shifts of backscattered signals in a noise-resilient fashion. Both
our optical projector and reader can be designed to be always-on (or can be switched on and off as necessary
simultaneously). Once the reader and projector are activated, our tag is designed to be all-analog and power up
to activate an instantaneous response within 30 nanoseconds. Over-the-air time-of-flight indoors is typical of the
order of tens of nanoseconds. The response from the tag is a series of analog frequency-shifted tones that can
be interpreted and demodulated rapidly depending on signal-to-noise ratio, as soon as the signal is received at
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Fig. 3. (a) The photodiode connected to the SET pin acts as a variable impedance that linearly maps sensed color to a
frequency change at the VCO (LTC 6906) output. (b) Harmonics captured at the RF receiver; (c) Spectrogram of single (top
panel) or multiple tags (bottom panel): the red line shows the carrier frequency.

the reader. We characterize a net latency that is sub-millisecond under diverse SNR conditions, based on our
evaluations in Sec. 7.1.

3.2 Research Challenges and Outline

The rest of this paper addresses the research challenges corresponding to the RF-based coarse localization and
optical fine localization of a FastLoc tag:

RF-Based Coarse Localization: We first seek to perform few tens of centimeter accurate coarse localization
of the RF tag using its backscatter channel response. The key challenge here is the poor bandwidth of traditional
RFID systems in a design that must by definition be ultra low-power. Sec. 4 presents our approach to remedy this
by exploiting the natural harmonics that the FastLoc RF analog circuitry creates to emulate a wide bandwidth
response.

Optical Fine Localization: Next, we perform fine-grained localization by leveraging the color hues detected
by the tag to uniquely map to a fine-grained location within a coarse region, that is defined in the RF phase. The
main challenge here is that the projector pattern must be static and known prior to the RF-localization phase.
The key property of this spatial pattern is the ability to map every possible fine-grained location of the tag in the
field of view to a specific color code, regardless of where the coarse grained region from the RF sensing phase is
centered in the area of interest. Sec. 5 describes how we address this challenge by designing cellular-inspired
spatial optical patterns that achieve this.

4 RF-BASED COARSE LOCALIZATION

FastLoc aims to minimize the search space for the future optical scans without adding latency. To do this, FastLoc
estimates a coarse region where the tag may be located by leveraging its wideband harmonics. In this section, we
describe how FastLoc generates wideband backscatter responses that provide tens of MHz bandwidth for coarse
localization.

4.1 Leveraging Wide-band Harmonics

At the first glance, receiving a wide-band tag response can be realized by hopping across a wide range of
frequencies from the RF transmitters. While location resolution can be improved by stitching a virtual wide
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bandwidth, this method leads to a high latency which goes against FastLoc’s objective. Instead, FastLoc only sends
single-tone carrier from the RF transmitter. FastLoc’s key approach is to leverage the natural harmonics that are
generated at the RF tag in response to this carrier signal to generate a wide-band response. While traditionally,
these harmonics are suppressed in RF circuitry to avoid leakages into unintended bands — FastLoc leverages
these harmonics to its benefit. We elaborate on our approach below:

FastLoc Tag Design & Generating the Wide-band Harmonic Tag Response: To obtain the wide-band
harmonic tag responses, FastLoc designs a simple battery-free tag only using analog components. Figure 2
shows the circuit block diagram of the FastLoc tag. FastLoc tags harvest wireless energy using its 915 ISM band
antenna.The tiny on-board super-capacitor [2] (~50 uF) buffers sufficient energy to provide a steady 2.3V supply
for the voltage-controlled oscillator (VCO) and the RF switch to operate. The VCO (LTC6906 [6]) is configured to
vary its output frequency corresponding to changes in its base current consumption. Thus the frequency output
of the VCO is controlled by the changing impedance of the on-board sensor (e.g., photodiode) connected across
the base current node of the VCO and ground (see Fig. 3 (a)). The VCO maps the impedance of the photodiode
into frequency output in range 10 kHz to 10 MHz. Then the VCO-generated square wave signals are fed to the
gate terminal of an analog RF switch where the harmonics are naturally generated. The RF switch acts as a mixer
that combines VCO-generated low-frequency square waves, whose frequency is controlled by the photodiode,
with the carrier and backscatters them. Mathematically, an ideal square wave can be represented as an infinite
sum of sinusoidal waves in the time domain:

00

4 1 ~
s(t) = p kz%ls Esm(kwt), where w = 27 f (1)

f is the fundamental frequency of the square wave, in other words, the switching speed of the RF switch. Ideally,
the square wave only contains components of odd-integer k harmonic frequencies and the spacing between
them is 2f. Then these baseband harmonics are mixed with the carrier signal at 915 MHz (f;), the fundamental
frequency of the harmonics shifts to fy + f. After this step, the two-sided wideband harmonics are generated
around the center frequency. Fig. 3 (b) shows a representative trace of harmonics observed in the frequency
domain.

4.2 Coarse Localization using Harmonics

Next, FastLoc infers the coarse location of the battery-free tag based on the one-shot wideband harmonic tag
response. Indeed, FastLoc must estimate the frequency-selective fading effect experienced by the wideband
harmonics along the different paths the signal traverses as it reflects off various objects in a dense indoor
environment.

Resolving Multipath: FastLoc uses super-resolution Multiple Signal Classification (MUSIC) [44] to resolve the
direct path from multi-bounce paths, and measuring the time-of-arrival to infer the coarse location of FastLoc
tags. Mathematically, we write the steering matrix that represents wideband harmonic channels at any time 7 as:

a(r) = [eJZﬂ(fk_ﬁ)T] )

k=135,....2N-1
where N is the number of frequencies we applied to the MUSIC algorithm including the fundamental and its

harmonics, and N can be up to 100 within 20 MHz, f; is the fundamental frequency, and when k > 1, f; is various
orders of the harmonics.
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We then estimate the locations of local maxima (peaks) of P(7) to obtain the measured time of arrival of the
wideband harmonics, where P(7) = 1/ [a(r)*EnE;a(T)], E, are the noise eigenvectors of the correlation matrix
of the observed wireless channels of the tags and (.)" is the conjugate-transpose operator.

Finding Coarse Tag Region: The coarse location of the tag is measured at the time-of-flight corresponding to
the nearest dominant reflection (assuming line-of-sight). We receive signal measurements from three spatially
separated MIMO reader antennas to trilaterate the tag’s position. Empirically, we observe a 95 percentile error
in position of 38 cm of our RF-based coarse localization component across varied experimental conditions (SNR,
orientation, etc.) as we describe in Sec. 7. We therefore conservatively define the coarse tag region as a circle
centered at the location found by this algorithm and a radius of 38 cm.

TAKE-AwAY # 1: FastLoc exploits the natural harmonics generated by low-cost analog tag
circuitry to generate a wide-band localization-friendly RF response from inexpensive tags
for coarse localization.

4.3 Dealing with Multiple Tags

While so far, our discussion considers a single FastLoc tag in the environment, the presence of multiple FastLoc
tags would considerably change our received signal. Specifically, these wideband harmonics from multiple tags
will scatter over a significant spectrum, and possibly overlap with each other. As a result, FastLoc must disentangle
the harmonics for each tag before inferring the coarse location of each tag.

While one may think of allocating the fundamental frequency of each tag in separate frequency bands to
mitigate interference and overlap, higher orders of one tag’s harmonics will inevitably fall into other tag’s
allocated frequency band (see Fig. 3 (c)). Hence, this method alone cannot guarantee to separate all the harmonics.
As a result, FastLoc first allocates each tag within separate frequency bands, and then formulates an optimization
algorithm to progressively discover the set of frequency responses (fundamental plus harmonics) for each tag
starting from low frequencies (closer to the carrier frequency) to the higher ones (further away from the carrier).
Specifically, FastLoc leverages the fact that if the fundamental frequencies are different for each tag, the harmonics
spacing s will be unique among the tags. Thus, FastLoc can generate a set of harmonic patterns S; for each tag i.
FastLoc then searches for the best-fit generated harmonic pattern with the observed wireless channels for each
tag. Mathematically, we obtain the best-fit pattern with a spacing of s* between adjacent harmonics for tag i by
solving the following optimization:

s* = argmin ) || Hes(5) = Hobs(5)II° @)

where Heg is the generated harmonic pattern by using the Eq. 1 in frequency domain, and H,; is the observed
wireless channels in frequency domain. The above is a standard least-squares optimization and can be solved in
polynomial-time. We, therefore, apply this method to progressively extract the frequency responses from the
observed spectrum for each FastLoc tag. Theoretically, FastLoc can at once support up to 180 tags within the
entire ISM band at 915 MHz — allocating 150KHz bandwidth for each tag’s fundamental frequency. This implied
that within a given area of interest we can deploy up to 180 tags. In our experiments, we deploy eight FastLoc
tags in the environment to simultaneously locate them using FastLoc’s algorithm above.

5 OPTICAL FINE LOCALIZATION

In Sec.4, FastLoc estimates a decimeter region of the tag’s location based on their one-shot wideband backscatter
responses. Although the wideband harmonics give a coarse location of the tags at an ultra-low latency, the
location accuracy purely relies on RF responses is not sufficient for applications like virtual reality. Traditionally,
commercial VR systems [11, 12] locate photodiode-mounted trackers by steering multiple horizontal and vertical
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Fig. 4. (a) Evenly splitting the area by four frequencies/colors; (b) Evenly splitting the area by 8000 unique frequencies/colors;

(a). Single Hexagon (b). Projected Color Pattern ). Inscribed Circle.

Fig. 5. (a) A single hexagon distinct colors. The hexagon has six sub-regions each with different levels of intensities. The
inscribed circle (dotted white) encapsulates the maximum possible area of the coarse region. (b) The hexagon is tiled to form
the projector pattern. (c) The inscribed circle can be moved along freely across the grid without having more than one pixel
of the same color within its bounds. Note that the actual projected image does not have any black or white annotations
shown above.

line lasers mechanically over the space of interest, but subject to mechanical steering latency (~ 32ms for 3D scans).
This section describes how FastLoc tracks the location of tags at near over-the-air round-trip-time latency and
sub-centimeter accuracy by applying a single, static color pattern using commodity optical projectors. Specifically,
we target a latency that is sub-millisecond — around the time duration required to collect sufficient I/Q samples
to receive and decode the backscattered tone at even moderate to low SNRs and remain robust for speeds up to
50 km/h of objects indoors, such as spinning motor parts (see Sec. 7).

5.1 Optical Spatial Multiplexing

The key idea of performing a fine-grained localization of FastLoc tags is to illuminate unique frequencies of
optical signals spread over the entire space of interest. In other words, we apply spatial multiplexing using highly
directional optical signals. For example, let’s consider a 2D-space area divided into a 2 X 2 grid, and project four
different frequencies (colors) in each section (see Fig.4 (a)). Colors can be represented using a 3-tuple RGB (red,
green, blue) values in the range 0 to 255. In Fig.4 (a), the colors are (20,0,20), (120,0,20), (120,0,120), (20,0,120)
for bottom-left, top-left, top-right, and bottom-right respectively. Note that we use optical signals in the visible
spectrum range for these experiments here, but this can easily be adapted to a system which uses a range of
frequencies in the Infrared band along with corresponding IR receiver photodiodes on the tags.
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Now, if the tag can sense the color of the light that illuminates it and backscatter this color information back to
the receiver, FastLoc can infer in which of these four sections the tag is located. Naturally, rather than restricting
to only four quadrants, we can instead project a larger number of colors with an extremely high resolution. Fig. 4
(b) shows a 100 x 80 grid with each section displaying an entirely different color. As a result, FastLoc can locate
the tag with a much better spatial resolution, since each pixel spans an extremely small area. However, in practice,
to ensure low tag cost and power consumption, a FastLoc tag can only sense a limited number of distinct colors.
Thus, we cannot simply divide the projected area into extremely small pieces. For instance, the number of unique
colors for each tiny pixel, e.g. a 1080p LCD projector has a 1920 x 1080 pixel resolution (2,073,600 pixels in total).
In our implementation, we use two photodiodes that respond to two distinct colors — red and blue to ensure tag
simplicity. While in principle, we could use three or more colors, we restricted our system to two to limit energy
needs and ensure tag simplicity. Each photodiode was low-cost and low-power and can disambiguate about 8000
distinct colors at high precision under ambient noise — the various shades that mix blue and red as shown in
Fig. 4 (b). As described in Sec. 2.2, this translates to a small overall physical area when projected (~ 0.64 m?) to
achieve a sub-centimeter scale for each pixel.

5.2 Designing the Projector Pattern

At this point, we need to design the pattern from the projector that ensures that the coarse region of the tag
from the RF measurements can be fine-tuned to within one or two pixels. The challenge however is that we do
not know up front what the coarse tag location is — otherwise our system would require two round-trip times
and additional processing latency. A naive approach would be to simply tile the pattern in Fig. 4 (b). However
this approach may be sub-optimal given abrupt color transitions at the boundaries between tiles that make the
system less robust to noisy measurement.

We therefore seek to find a near-optimal spatial projected pattern that makes best use of our available 8000
colors to ensure maximum possible localization accuracy. Such a color pattern needs to have the following basic
requirements: (1) Any two pixels with the exact same color should be as far away as possible - specifically, by at
least D, the diameter of the coarse tag region circle (see Sec. 4.2); (2) Colors of adjacent pixels should be highly
correlated over the entire projected image. The first property makes sure that regardless of where the coarse
region (error circle) is located, it encompasses only unique colors and we are guaranteed no ambiguity in location.
The second property ensures that even a modest error in color measurement leads to distance error of just a few
pixels.

Goal 1: Maximize minimum distance between same-colored pixels. FastLoc designs a hexagonal tile
pattern inspired by cellular network design that reuse frequencies (colors in our context) in geographical areas
(in different hexagons)[31]. Within a single hexagon, no colors will be reused. Similarly, FastLoc designs each
hexagon to have all distinct colors that can be sensed by the FastLoc tags (see Fig. 5 (a)). The surface area of each
hexagon is determined by the estimated RF coarse region. To see why, consider a coarse region whose diameter
is the same as that of the inscribed circle within any of the hexagons as shown by the dotted circle in Fig. 5 (a).
Note that since this circle is entirely within the hexagon, it has no duplicate colors. Further, one can show that no
matter where the inscribed circle is moved along the plane, it continues to only have distinct colors within it (see
Fig. 5 (c)). This directly follows from the fact that the closest pair of pixels of the same color in the entire grid are
(approximately) at opposite edges of the hexagon — where the inscribed circle intersects the hexagon. In other
words, as long as the diameter of our coarse region circle D is equal to (or below) the diameter of the inscribed
circle, we can ensure no ambiguity in the position of the tag.

Our specific hexagonal pattern is also near-optimal in terms of supporting as large a value of D as possible as
dictated by the number of distinct colors the projector can generate. Let us denote the efficiency a of our scheme
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as the fraction of the diameter of the inscribed circle with that of the diameter of an optimal circle that contains
all the possible distinct colors our tag can differentiate.

THEOREM 5.1. The efficiency a of FastLoc’s hexagonal pattern is: \|7/(2V/3) or approximately 95%.

Proof Sketch: Recall that each of our hexagons has the same area as the optimal circle, since it encompasses all
possible distinct colors as well. It is then easy to see that the ratio of the areas of the inscribed circle and hexagon
is simply a?. Using simple geometry, we can write this as:

2
x(BR)
Shex 6 * ‘/TERZ

2 Scircle
al = —

=7/(2V3) (4)

where R is side length of the hexagon.

Goal 2: Adjacent colors should be highly correlated. To address this requirement, FastLoc further divides
the single hexagon into six blocks as shown in Fig. 5 (a). All blocks in one cell have distinct colors. Also, the
averaged color intensity (brightness) of each block is gradually decreasing shown in Fig. 5 (a) from block 1 to
block 6. By doing this, FastLoc can tolerate modest tag signal measurement errors which in turn causes minimal
errors at the boundaries of hexagons.

TAKE-AwAY # 2: FastLoc develops a near-optimal color pattern that can be used to illumi-
nate the tag to fine-tune its location based on sensed light color without prior knowledge of
the coarse region from RF.

5.3 Sensing Colors Using FastLoc Tags

Next, we describe how we use FastLoc tags for color sensing only using ordinary photodiodes. We design analog
battery-free tags that are highly responsive to optical signals. Specifically, we connect photodiodes on tags
as the on-board sensor. The impedance of the photodiode changes with the incident optical signal so that it
can modulate the optical information on the frequency of its backscattered signal — shifting the fundamental
frequency and the wideband harmonics of the tag signal through a low-power VCO (see Sec. 4.1 for details).
While the spectrum of a typical photodiode is usually wide from blue (wavelength: 400 nm) to red colors (720 nm),
it only has a one-on-one mapping between the light illuminance and its resistance. Thus, a typical photodiode
cannot distinguish colors. FastLoc, therefore, creates color-filtered photodiodes by simply attaching transparent
red/blue plastic film sheet on top of the photodiodes so that each color-filtered photodiode is only responsive
to individual colors — red or blue in our case. In Fig. 6 (a), we show the frequency shifts of two co-located tags
with blue-filtered and red-filtered photodiodes respectively when the FastLoc projector projects only shades of
red. Therefore, FastLoc can use different co-located color-filtered photodiodes to reconstruct precise color that
illuminates the FastLoc-tagged object.

5.4 Mapping Colors to Location

Mapping of Frequency Shifts to Colors: Since we attach extra color-filters on the photodiodes, we cannot
rely on the one-on-one mapping of the photocurrent and the optical irradiation provided by the manufacturer.
Thus, FastLoc collects all the frequency responses as projecting designed colors to the color-filtered photodiodes.
Once the data is collected, we create a model that maps the frequency shifts to colors. Statistical curve fitting has
been used to avoid over-fitting and interpolate the model. Note that our model subtracts out the frequency shifts
of the background light so that FastLoc removes the influence of the ambient light. FastLoc only needs to collect
the mapping once after attaching the extra layer of colored filters on the photodiodes. The one-on-one relation
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Fig. 6. (a) Frequency responses of color-filtered FastLoc tags when the projector projects shades of red. (b) Battery-free
FastLoc tag (without antenna). Oscillator and LC match on the backside of PCB. (c) Blue-filtered and red-filtered photodiodes
have blue and red gel filters attached on top of the wideband visible light photodiodes [10]. In our implementation, we attach
one color-filtered photodiode sensor on each FastLoc tag. An object can be localized by attaching a pair of co-located red/blue
photodiodes-equipped FastLoc tags on the object.

between the frequency responses and the color is independent of the ambient light environment. The whole
collection process requires less than 1 minute for a fine-grained color collection.

Object Localization: To localize an object, we attach a pair of co-located FastLoc tags on the object. Each tag is
equipped with one red or blue-filtered photodiode. FastLoc locates the object by measuring the frequency shifts
of both red and blue-filtered photodiodes. After subtracting out the frequency shifts induced by the ambient
light, we compare the measurement with our color-to-frequency map to determine the color projected on the
co-located tags. Using one projector, we obtain a 3D line that points at the tagged-object or the object’s 2D
location if it is on a known plane. Should a 3D position be desired, we can use two projectors, to obtain two 3D
lines. We then use a geometric approach to find the two points on these lines that are closest to each other and
use the middle of the intersection as the final result.

6 IMPLEMENTATION

FastLoc Tag: At the heart of FastLoc is a novel analog and battery-free wideband harmonic backscatter tag
described in Sec. 4.1. We design and fabricate the FastLoc tag based on the architecture proposed in [40]. FastLoc
uses purely analog components in the hardware to ensure simplicity and low-power consumption. It supports a
communication distance up to 10 meters with an LC-matched half-wave dipole antenna. Across all experiments,
we use the custom half-wave dipole antenna resonating at 915 MHz with a 3 dBi gain. The dipole antenna has a
length of 13 cm and can be fabricated flexibly to integrate into objects. While the FastLoc prototype uses a PCB
dipole antenna on the tags due to its ease of custom fabrication, we note that our battery-free FastLoc tag could
integrate with commercially available 915 ISM band compact antennas (e.g., Amphenol’s PCB antennas [1] have
a dimension of 60 mm X 15 mm X 0.8 mm, and Linx’s ceramic patch antennas [5] have a dimension of 25 mm X
25 mm X 4 mm). FastLoc tags have a power consumption less than 150 uW, and respond with a latency less than
30 ns. Fig. 6 (b) and Fig. 1 (a) depict a prototype of our hybrid Optical-RF tags. In each experiment, we use a pair
of co-located tags for localization, and each tag is applied with red or blue colored gel filters (Fig. 6 (c)) [4].

FastLoc Station: We have a low-cost 915 MHz RF transmitter module that constantly sends a single-tone carrier
signal that also serves as the energy source to the tags in the environment. We use two LCD projectors (Pansonite
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Fig. 7. (a) Layout of the environment (10 X 6 m) for experiments, the red dot represents the location of the FastLoc station,
blue dots represent the example locations of the FastLoc tags. (b) FastLoc has a 0.51 ms scanning latency in locating the
FastLoc tags under a 25dB SNR. (c) Baseline 2: FastLoc’s RF-only localization shows a 31 cm on average.

Mini Projector [8] which has 1280 X 720 display resolution) to project our designed color patterns into the
coarse region inferred by the wideband RF harmonics. On the receiver side, we have two X310 USRPs with
three antennas to estimate a coarse location, and they also process the optical responses (to the optical projector
pattern) modulated within the RF signals.

FastLoc Software: All software processing occurs solely within the FastLoc station. FastLoc’s RF front end
includes signal transmission and reception and is implemented using C++. Optical projection and other FastLoc
localization algorithms are fully implemented in Python.

Ground Truth and Baseline: We use Lighthouse base stations (version 1) and a Lighthouse tracker as the
ground truth. The Lighthouse tracking system is a laser-based tracking system developed by Valve for SteamVR
and HTC Vive. We compare FastLoc against two baseline systems: (1) Baseline 1: A location tracking system
that does not perform RF coarse localization in the first place, but directly projects the a naive optical patterns
throughout the whole space (e.g. Fig.4 (b)). (2) Baseline 2: A RF-only location tracking system that localizes the
tags using wideband harmonics. We note that unless specified otherwise, error bars in graphs denote standard
deviation.

7 RESULTS
7.1 Scanning Latency

There are three main components that contribute to the scanning latency of FastLoc: (1) time-of-flight between
the FastLoc station and the tags; (2) modulation latency at the tag; (3) the delay in accumulating a few I/Q samples
to then apply FastLoc algorithms. Of these, the last one primarily bottlenecks scanning latency:

Over-the-air Time-of-flight: This quantity captures the time that RF backscattered signal travels from the
tag to the FastLoc station. Since our tracking volume spans a space of 4.5 X 4.5 X 4.5 meters, the latency of the
time-of-flight would be less than 26 nanoseconds.

Modulation latency on the FastLoc tag: The latency of the FastLoc tag operation is mainly introduced by the
response time of the on-board oscillator that produces a periodic baseband square wave at a particular frequency
that is dependent on the color sensed by the photodiodes. The on-board oscillator we are using has a worst
case response time of 20 ns [7] at our operation voltage (2.7V). The second component of on-tag latency is the
propagation delay of the RF switch which adhttps://www.overleaf.com/project/5f78b87ed0957800013016c2ds
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Fig. 8. (a) FastLoc achieves a median accuracy of 0.703 cm in locating the battery-free FastLoc tags, a 65% improvement
comparing to a 19.8 mm median accuracy of the Baseline 1 which does not perform the RF coarse localization. (b) With
a distance of 4.5 meters from the FastLoc station, FastLoc achieves an average accuracy of 2.1 cm to localize the tags. (c)
FastLoc achieves a 1.1, 1.4, 3 cm mean accuracy when tags move in a speed of 2.4, 6.1, 12.2 m/s.

a worst-case switching delay of 9.5 ns at the operating voltage [9]. Hence the overall on-tag latency is a only
around 30 ns.

Accumulating a few I/Q samples: Note that FastLoc needs to accumulate a few I/Q samples in order to
obtain the precise frequency shift of backscattered signals in a noise-resilient fashion. In other words, we need
to accumulate a minimum length of I/Q traces to properly resolve the frequency shifts (few kHz apart) and
map them into the set of distinct hues of red and blue colors. Specifically, the minimum length depends on the
Signal-to-Noise Ratio (SNR) of the received tag signals. Note that a FastLoc tag reflects multiple copies of the
signals simultaneously (wideband harmonics) which can even improve the SNR. Fig. 7 (b) plots the aggregated
scanning latency of FastLoc systems. We show that FastLoc are able to provide a 0.51 ms latency (~ 2kHz) under
a 25 dB SNR on average. Note that this is still a significant improvement over the scanning latency of 16 ms for
the Lighthouse tracking system that mechanically steers laser light.

7.2 RF-only Coarse Localization

Method: This section describes the evaluation of the RF-only component of FastLoc localization performance
(Baseline 2). Note that FastLoc uses the RF sensing phase 4.2 to estimate the detected tags’ coarse region. FastLoc
achieves the one-shot decimeter-level coarse localization by leveraging analog tag’s wideband harmonics. We
deploy the tags in an indoor, multipath-rich environment without any projected pattern from the optical projectors
and evaluate the location accuracy up to 4.5 meters between the FastLoc station and tags.

Results: Fig. 7 (c) shows the 3-D location accuracy of RF-only coarse estimation. We observe a 31 cm averaged
accuracy, and errors of 18.4, 20.2, 41.1, and 67.94 cm on average at 1.5 to 4.5 meters respectively. In the experiments,
we apply 20 MHz wideband harmonics to our localization algorithm. Note that, the harmonics can expand as
much as 50 MHz bandwidth dependent on the channel conditions, which is available to us to further improve the
RF location performance. In FastLoc, we conservatively use the 95™ percentile error of the RF location accuracy
as the radius of the coarse region, which then be used to define a single hexagon to generate our colored pattern
that guarantees no ambiguity in optical fine localization within the coarse region.
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Fig. 9. (a) FastLoc has a mean accuracy of 1.212, 1.426, 1.0185 cm in locating the FastLoc tags under different sources of
ambient light. (b) FastLoc remains robust when the angle of tag’s orientation is within the half sensitivity of the on-board
photodiode.

7.3 Accuracy of Localization

Method: We deploy the FastLoc station and four pairs of FastLoc tags in a 6 X 10 meter studio which is a typical
environment for AR/VR gaming applications. Note that each pair of tags are co-located, and has one red-filtered
and blue-filtered photodiode respectively so that we can use them jointly to infer their location. We try various
locations, orientations, and altitudes (0.5-2 m from the ground) of multiple tags as shown in Fig. 7 (a), with
different lighting conditions in the environment (e.g. 5, 15, 35 lux). For all these 3-D localization experiments, we
use two projectors and project our designed color pattern in a time-multiplexed manner.

Results: Fig. 8 (a) shows the CDF of location accuracy for both FastLoc, which projects our designed color
pattern, and the Baseline-1 which naively projects all distinct colors through the whole space. FastLoc has a
median error of 0.7028 cm in locating multiple FastLoc tags simultaneously. We note that it is able to locate
the FastLoc tag much more accurately than the baseline-1 approach, which has a significantly larger size of the
color pixels as the distance increases. Overall, FastLoc outperforms the baseline-1 and the baseline-2 (RF-only) in
location accuracy by 2.8 X and 44 X respectively.

Accuracy under Various Lighting Conditions: We conduct experiments to evaluate the impact of ambient
light. Specifically, we deploy our system under different types of ambient light environment: sunlight, fluorescent
lamps, and LED. These light sources have different ranges of wavelengths. The color temperature of the LED
light bulbs and the fluorescent lamps is 3000k and 6000k respectively. For different lighting conditions, we try
various locations and orientations of the tags. Fig. 9 (a) shows the FastLoc’s location accuracy across various
lighting conditions. As expected, we observe that FastLoc’s performance remains robust under the sunlight,
fluorescent lamps, and LED lighting conditions (a mean error of 1.212, 1.426, and 1.0185 cm respectively). We
note that while the applied light sources have different visible light wavelengths, their spectrum is significantly
wider than the color spectrum of our projected optical pattern. Thus, FastLoc’s algorithm can treat these light
sources as wide and flat background noise and subtract out the frequency shifts induced by the ambient light
when reconstructing the colors using the blue and red photodiodes.

Impact of Orientation: We evaluate the impact of the tag orientation on the localization accuracy of FastLoc.
We use the projector lens plane as the reference plane and place a pair of co-located tags at various locations
(fixed altitude and max distance at 3.5 m) with different azimuth angles with respect to the reference plane. In
our experiments, we define 0° in azimuth as the co-located blue and red photodiodes face the projector lens.
We rotate the pair of co-located tags with its azimuth angle varying from —25° to 25° in steps of 10°. Fig. 9 (b)
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shows the results of localization accuracy with different tag orientations. We observe that as the tags orient to a
large angle (e.g. 25°) w.r.t the projector, the system performance drops. We note that this is because our low-cost
photodiodes [10] have a limited field of view: the angle of half sensitivity of the photodiodes have an approximate
40°. However, our localization error at even the poorest object orientations has a mean accuracy of 3.25 cm.
Possible approaches to resolve this challenge is to use multiple pairs of co-located color-filtered photodiodes on
the tracked object.

7.4 Impact of Distance

Method: We evaluate the impact of various distances of the FastLoc tags on the 3-D localization performance of
FastLoc. Specifically, we deploy eight FastLoc tags at several spots at distances of 1.5, 2.5, 3.5, and 4.5 meters from
the FastLoc station. Note that the tracking volume of FastLoc is approximately 4.5 X 4.5 X 4.5 meters restricted by
the brightness of the used projectors. Across experiments, we note the FastLoc tags are in the line-of-sight for
the FastLoc station. Again, we compare the performance of FastLoc with baseline-1.

Results: Fig. 8 (b) shows the location accuracy vs the increase in distance and compares it against the baseline-1
technique that projects the naive color pattern (Fig. 4 (b)). We observe that for the baseline, as expected, the
location error increases dramatically as the distance increases, and we see that the accuracy drops up to 8.3
cm at the distance of 4.5 meters. FastLoc, with a 0.56, 0.61, 1.416, and 2.122 cm location accuracy on average
at 1.5 to 4.5 meters distance respectively, outperforms the baseline significantly. Further, we observe that the
errors of FastLoc are slightly increasing as the distance increases. We note the reason might be two-fold: (1) the
brightness of the projection image dims as the distance increases. While the projector we used has 2200 lumens
and limits the effective optical communication range of FastLoc, this can be easily fixed with more advanced
LCD, laser or infrared projectors. (2) The size of the projected color pattern/image scales with the throw distance
from the projector lens. This relationship between the throw distance and the width of the image is also called
throw-to-width ratio. In other words, the size of each pixel that is projected into the physical area scales with
the distance from the projector. We can approximately observe this relation from the increased mean errors of
FastLoc as the distance increases. Using a projector with a long throw ratio at a longer range could mitigate this
effect.

7.5 Impact of Mobility

Method: We use a rotation platform as our testbed in an indoor, multipath-rich environment, analogous to the
environment of VR/AR applications. We deploy a pair of FastLoc tags on one side of the motor part which placed
2.5 m distance from the FastLoc station. The tag is rotated in a circular motion with a constant velocity. Note
that, in this section, we compute the 2-D locations of the tags. We move the tag at speeds of up to 2343 rpm or
12.3 m/s (about 45 km/h). We avoided speeds higher than 45 km/h owing to the limits of our motor and to limit
safety concerns for an experiment performed indoors.

Results: Fig. 8 (c) plots the CDF of FastLoc’s localization performance. Overall, FastLoc achieves a 1.11, 1.42, 2.98
cm mean accuracy in a constant linear velocity of 2.4, 6.1, 12.2 meters per second (which amounts to 469, 1171,
2343 rpm for the motor we used) respectively. FastLoc’s robustness to mobility stems from the usage of wideband
harmonics and a single tile color pattern projection which provide a ultra-low scanning latency for FastLoc. As
expected, the accuracy dips in presence of mobility compared to the static use case. Indeed, we observe occasional
outliers in the inference of the location when the speed reaches higher. We surmise that this is because, as the tags
move fast, there are spots that the tags cannot harvest sufficient energy to operate due to the various orientations
with respect to the transmitter and a fast fading effect. Note that the tags do not completely fail to operate at
these spots, but instead transmit unstable frequencies back to the receiver. For example, the on-board oscillator
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m ?
(a). Fan Spinning (b). Tracking Laser Cutter (c). Tagged Ping-pong Racket

Fig. 10. FastLoc opens up several applications described in Sec. 7.6 by tracking the trajectory of fast-moving objects, e.g., fans,
the nozzle of the laser cutter, and even the tagged racket at ultra-low latency and high precision. The simple tag architecture
can be miniaturized into chip form (similar to RFID tags) with printed antennas that can be integrated into the objects (eg.
surface of the racket or fan rims).

may struggle to receive sufficient voltage so that it cannot output stable frequency modulation for the sensed
color information. While this is common for all battery-free systems like RFID or backscatter devices, we could
provide a more battery-free friendly radio environment by using blind beamforming techniques [55] — a task we
leave for future work. In addition to perform well in the the current setting we note that FastLoc is limited in
the refresh rate of measurements from tags in high mobility settings. Specifically, the signal to noise ratio that
dictates the rate at which we could collect useful measurements, at slightly under one millisecond, as discussed
in Sec. 7.1. Further, changes in orientation of the tag, spin of the tag in 3-D, etc., could impact measurements. We
leave a detailed evaluation of these factors for future work.

7.6 Applications

Predictive Maintenance: FastLoc can help to prevent machine failure by detecting the first signs of trouble.
We show FastLoc can be used to track the trajectory of a fast spinning fan (see Fig. 10) with a median accuracy of
8.9 mm and a 0.76 ms latency. In the demonstration, we use two tags for the showcase, we note that FastLoc’s RF
plus optical algorithm provides the advantage of having a high-density tag deployment in the environment to
generate multiple trajectory point-clouds for predictive maintenance.

Motion Tracking for Industrial Manufacturing: Manufacturing plants are full of moving parts. For example,
an automated robotic vehicle assembly pipeline which operates at high speed to meet vehicle demands. In such
cases, the combination of fast-moving machinery, equipment, robots, and vehicles mean that manufacturing
plants can be dangerous places. FastLoc provides a way for manufacturing employees to have a safer environment
by tracking the motion of fast-moving machinery at ultra-low latency. The coarse RF estimate from FastLoc can
also help locate potential problem areas that need finer inspection with the optical method. We evaluate FastLoc
by tracking the nozzle of laser cutter when it runs in a raster engraving mode with a 4.3 mm median accuracy
and 0.62 ms latency.

Fine-grained Gesture Sensing for Sports Interaction: Previous work has shown that an average person can
perceive latency levels as low as 6 ms [59] when interact with game and touch screen devices. Even very low
levels of latency could be discriminated by a human, i.e., 1 versus 2 milliseconds [34]. To enhance the experience
of user interaction and decrease the overall latency for the interaction tools, like wireless stylus, game controllers,
FastLoc is able to provide a 0.51 ms scanning latency. We show that FastLoc enables ping-pong racket tracking
when the user plays ping-pong.
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8 DISCUSSION

Computational Latency on an iMac: Currently, the FastLoc prototype runs on a 2017 iMac. In addition to the
scanning latency, FastLoc has a computational latency mainly contributed by three factors: 1) disentangling the
harmonics from multiple tags (39 ms); 2) the MUSIC algorithm that determines a coarse region of one object (0.51
s); 3) the optical algorithm that maps the frequency shifts of photodiodes to colors (3 ms). In total, FastLoc has
an end-to-end refresh rate of around 1.81 Hz. Note that, we can decrease the end-to-end latency relying on the
fact that FastLoc does not have to perform the coarse localization for all scanned snapshots (e.g., FastLoc has a
scanning rate of 2 kHz) since the object may not move outside the coarse region between adjacent snapshots.
Moreover, we note that our algorithms are implemented for demonstration using unoptimized python code which
could be sped up with lower-level programming language. The end-to-end latency can be optimized further with
dedicated hardware, such as FPGA, etc.

Projecting Optical Pattern Using Infrared: Even though the current implementation uses photodiodes and
projectors in the spectrum of visible light that can be seen by human eyes and is sensitive to ambient light,
the proposed FastLoc architecture is easily extended to infrared spectrum (850-1650 nm) which is widely used
in commercial VR products. Further, both infrared photodiodes and different types of multi-spectral infrared
projectors are commonly used (e.g. TV remote, FacelD, Microsoft Kinect). While commercial infrared projectors
are able to generate both images and videos in the short wave infrared with spatial frequency modulation [3, 14],
the algorithm of FastLoc only requires a static projection. We leave an extension of FastLoc to infrared spectrum
for future work. Note that while having the optical illumination source being invisible to the human eye is an
implementation advantage, it’s a downside for experimentation and ease of research use. The system doesn’t
suffer tremendously from having to use visible light and off-the-shelf components. So part of the motivation
for leaving this as future work is that the system is much easier and approachable for peer researchers to
reimplement and reuse, as well as being easier to work with for experimentation. Additionally, the current static
single projected pattern of FastLoc can be extended to different R/G/B hues patterns so that when they are flashed
fast — alternating red, green, and blue hues of colors, the projected patterns look like ambient light for human
eyes.

Impact of Ambient Light in the Environment: FastLoc periodically measures the background lighting
conditions and subtracts out the frequency shifts induced by the ambient light. Then, FastLoc compares the
measurement with our color-to-frequency map to determine the color projected on the co-located tags. FastLoc
actively projects a known optical pattern in the environment, and the FastLoc algorithm only measures the
frequency differences of each photodiode’s responses. Thus, ambient light in the environment for FastLoc is
treated in a manner similar to background noise in the RF space. Provided the ambient light is not sufficiently
powerful to jam the optical channel of the photodiodes that leads them to be saturated (akin to RF signal clipping
in the RF domain), FastLoc system remains robust to dynamic ambient light. Moreover, if the FastLoc system is
extended to the infrared range the problem of ambient noise is mitigated further.

Extending to 3-D Fine-grained Localization: To localize a FastLoc-tagged object, FastLoc uses a pair of co-
located red/blue-filtered photodiodes attached on the object. Each tag currently hosts one photodiode. However,
future miniaturized tags can be designed to accommodate multiple photodiodes in series/parallel to leverage
their respective impedance combinations and cover larger angles. For our 3-D localization experiments, we
time-multiplexed two LCD projectors by switching their projector pattern rapidly, which incurs a modest
few millisecond delay (can be sub-ms with more advanced projectors [58]). A better approach eliminating the
switching delay between projectors is making two projectors send their illumination patterns simultaneously
to two pairs of photodiodes on the object as desired either by projecting orthogonal sets of colors from two
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projectors or using polarization filters on both projectors and photodiodes for multiplexing [49, 57]. We believe
future implementations of FastLoc can benefit from the rich literature on visible light communication.

9 CONCLUSION

This paper presents FastLoc, a novel ultra low-latency localization system that designs a custom analog backscatter
tag and an algorithm that leverages its wide-band harmonic response to localize the tag at sub-centimeter accuracy.
FastLoc has applications in Augmented/Virtual Reality and industrial IoT where localization latency is pivotal.
FastLoc achieves its low latency through a hybrid optical and RF-Backscatter design. FastLoc uses commodity
optical projectors and an RF transmitter to illuminate the tag with a single-tone wireless signal and an intelligent
optical spatial pattern simultaneously. The RF channel response from the tag is used to locate the tag within a
coarse decimeter sized space and the tag’s sensed optical signal is used to fine-tune its location to within sub-
centimeter accuracy. FastLoc was fully implemented and evaluated, demonstrating a 0.7 cm median localization
error at sub-millisecond latency. We believe there is important future work that can make FastLoc more robust to
changes in orientation and blockages, as well as the potential to make the optical patterns invisible using infrared
spatial patterns.
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