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Lecture — 08
RFID based localization — I

So our next goal is to use another very popular IOT technology and design a localization algorithm.
In other words, we are trying to see if we can use RFID systems for localization. So, when you
talk about this, you talk about several items which are tagged and then there is a reader which is

able to read off the tag id.

This is a very simple system and the good thing about this RFID is that there is a large number of
tags which do not need any battery power. Although you can also have BAP (Battery Assisted
Passive) tags, they will respond only in the event there is a reader. But they are assisted by a
battery, which means range can improve vastly. But that is one special case. Do not worry about

it, just take the case of totally passive tags.

And in the previous course we spoke so much about those tags, the protocol of RFID, the different
type of tags that are there, different applications for RFID so on and so forth. It is good for you to
go and refresh that before you start looking up anything related to RFID here, because I am just

going to get into localization directly.

Now, when you say a localization of tag, why do you need it first of all and what are the scenarios?
Thing is you can have a scenario where you take the case of a factory environment. It is a
production place and there is an assembly going on of a certain large part. Let us say an assembly
of an aeroplane (just as an example): you are trying to put together the fuselage, the different
components of the aeroplane, the wings are getting assembled and different parts are coming

together and moving towards a final goal; you are trying to get the aeroplane out.

So, there are parts coming from sub systems and sub parts coming from different parts of the
factory. They are manufactured at different places: perhaps within the factory, or also sometimes

away from the factory some other place and are coming in.



So, what is typical? Typical is that there are multiple cartons on a vehicle and there are readers
essentially pointing towards a door. For instance, it could be the entrance to the place where
integration is happening and tags are being read. The carton is having many many tags; many small

subsections are there and your issue is that they are all packaged in one.

And readers are placed in one place, the vehicle is moving across, carrying those cartons; which
is the imagination. Now issue is if the carton is moving, the tags are moving and this reader has to
identify or read tags. But now if you are asked a question, where in that large carton is a particular
subsystem that you want to pull out? Or even imagine that within that subsystem has to directly
get integrated into the major system, you want to know whether all parts of that subsystem are
localized; they are all available; they are all placed and you want to know the location of each one

of them. Both possibilities exist.

So, in other words, at a high level let us assume you are interested in localizing the parts, subparts,
subcomponents: the component level localization of that large carton which is likely to be part of
a major system, then you need a localization algorithm. Now if you go back and look at the
previous lecture, and you will realize that RSSI is a good indicator which tells you that you can do

some sort of ranging method. Let me show you a small picture of such a system.
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The x-axis has distance and the y-axis is the Received Signal Strength Indicator, which is a nice
indicator available at the reader saying how far the tag is. For instance, you can say if the RSSI is
high that you read, then you sort of know how much far the tag is from the reader and you could
essentially keep marking them and then try to find out how. So, you can actually map somehow.
Although this is not a linear relation, somehow you should be able to establish some sort of

relationship between RSSI and distance.

However this picture works only under very ideal conditions. Then what are those ideal
conditions? You should have line of sight and you should ensure that there are no reflections. The
reflections component is minimal, in fact zero. There is also one problem with this graph I can tell
you this. Whatever you do in terms of estimation of distance to RSSI, all distance-RSSI
measurement: high reliability is achieved only up to some distance. From -40 to about -55; at best

about 15 dB is all that actually works. This I would say is 55 for argument sake.

So, your ability to read accurately is not very high. You really do not know whether your -60 that
you read is really mapped to a certain distance or is it coming because of any other condition (may
be due to reflections or lack of line of sight). So, this is the problem. While it is useful to plot
versus x-axis distance and y-axis RSSI, it is not so useful very from a practical perspective because
the range prediction that you can do or the distance prediction you can do is over a very small fall

in signal strength; beyond that would almost be impossible.

You may now ask the following question that in the example that we are talking about; the carton
is just passing by and then there is a reader here. Where is the question of having line of sight? But
that is a very ideal way of imagining right, because there can be lot of people, lot of other kind of
traffic that is coming in between the reader and the carton. You cannot have reader wherever you
wish in a manner you make the technology suitable for making a measurement; that is not the way.
A factory floor has certain rules; certain areas which are marked as dangerous and there are safe
areas where you can place things. There is a protocol. There is a rule by which vehicles move from

a safety perspective.

There is a safety officer in every production floor who is just observing what are the kind of
violations that people are doing and if it crosses certain threshold, action is taken. Because it costs

a lot of money to companies if there is a worker who has got into an accident situation due to



oversight of certain safety measure. So, therefore, you cannot place the antenna wherever you like;

there are positions in the factory floor where you can place such antennas.

This may actually stress the whole system that typical RFID tags read range is something in the
range of 20 - 22 feet, which is roughly between 5 and 7 meters So, this 5 - 7 meters is essentially

might actually fall in region with different slope.

So, now you arrive at a situation where RSSI is almost impossible to be used. Because if it is
mapping between 1 to 2 meters; a more linear slope is obtained. Beyond 2 meters, then you
obviously have a problem that this picture (slope) cannot be used anymore and this is reality. This
is reality even if you have readers facing the tags. In fact on the factory floor, because you are at
such a distance there is no way by which you can actually predict the distance of a particular
component because ranging is a first step in towards localization. So, ranging with this kind of

RSSI signature is not going to work. Fine.

Having motivated ourselves into the RSSI part that it is not a good indicator of ranging of physical
distance, what is the other signature that you can get from a signal? It is clear if you take a sine
wave: one is the amplitude. In a way, this amplitude is power. More like power RSSI (Received
Signal Strength Indicator) is actually power of the signal. If you look back at the basics of any
signal: one is power of the signal, the other is the phase of the signal. Phase can be a good indicator.
Any literature survey for RFID related localization essentially looks at phase based approaches

towards localization.

Now, let us see, what are those algorithms? What are those techniques? Before even getting into
algorithms, what are those techniques that are that can be used for the purposes of phase based
localization of RFID tags; that is the first part. Second part is you cannot imagine that all scenarios
with respect to localization fall under the paradigm of a fixed reader or multiple readers and a
carton that is cutting across; that is moving across getting into the factory floor. That is one

scenario.

The second scenario is there are objects inside a warehouse: it could be garments, it could be
kitchen items, it could be any big departmental store right having kitchen items and so many other

related things which are all placed on racks and then there is a reader that moves trying to localize.



So, both possible scenarios will have to be taken into account; one is tag moving and the other is

the reader moving. So, it could be one reader or it could be multiple readers.

Let us start with some very simple situations even before getting into any demonstrations, we must
know little more about phase based localization and understand what are the different types of
phase based localizations that are involved and after that narrow down to one of them and then try
and show a demonstration of that essential approach which will sort of summarize the phase based
localization. You may have to come up with novel algorithms if you have to use the phase signature

in a very effective manner.

(Refer Slide Time: 14:05)
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Abstract— In this paper, we give an overview of spatial
identification (determining position and velocity) of modulated
backscatter UHF RFID tags using RF phase information. We
describe three main fechniques based on PDOA  (Phase
Difference of Arrival): TD (Time Domain), FD (Frequency
Domain), and SD (Spatial Domain). The techniques are
illustrated with modeling and simulation example in free space
and in presence of multipath using a multi-ray channel model for
amplitude and phase of the received tag signal in deterministic
environment. We also present and discuss the experiments

Fortunately, RFID readers perform fully coherent
detection and recover the baseband phase of the coherently
demodulated tag signal even though this information may not
be visible or made available to the users. Thus, tag phase
information s becoming increasingly important for such
advanced  RFID applications as  spatial  identification
(determining tag position and velocity). We prefer to use this
term because it suggests that one can not only obtain tag data
information but also obtain additional information about tag
spatial characteristics.

performed in a real REID warchouse portal environment,

LA

So, with this in mind let me now draw your attention to a paper which I read recently along with
my 2 project staff, Tejeshwini and Sanmay Patel, who helped to understand and mark out areas in
this paper which essentially talk about RFID localization. Look at the title it says we are looking
at UHF RFID tags. Again I do not want to get into the detail because you should look at the
previous course which talks about UHF RFID tags. These are all sub-1GHz tags; we are all also
talking only about passive tags, which do not have any battery associated with it and just that there

is a reader that is throwing power on the tags.

If you look at this, this paper is interesting because it talks about some very basic stuff .We describe

3 main techniques based on PDOA (Phase Difference Of Arrival). So, what are the 3 ways? One



is Time domain, the other is Frequency domain and the third one is Spatial domain. Let us jump

into and look up directly what we mean by the PDOA: TD- PDOA, FD-PDOA and SD-PDOA.

So, let us jump to that part.

(Refer Slide Time: 15:30)
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A TD-PDOA (Time Domain Phase Difference of Arvival)

TD-PDOA allows one to estimate the projection of the tag
velocity vector on to the line of sight between the tag and the
reader by measuring tag phases at different time moments, It
can be viewed as a form of measuring Doppler shifi to
determine the speed of the mobile node [22-24]. The technique
is illustrated in Fig. 4. where the tag moves with a constant
speed some distance away from the reader antenna.

Tag t

Fig. 4. TD-PDOA illustration.

By measuring the phase of the tag signal at two different
time moments (at the fixed frequency), assuming that other

Note that by using several different reader antennas and
applying FD-PDOA to each of them, one ¢an localize the tag
in three dimensions, like it is done in FM CW radars
[27].Various applications of this technique to RFID in free-
space environment recently appeared in [32-38], Since the FD-
PDOA technique is similar to FM CW radaz, it can work for
both moving and stationary tags.

C. $D-PDOA {Spatial Domain Phase Difference of Arrival)

SD-PDOA allows one fo estimate the bearing (direction to
the tag), or the angle of arrival, by measuring phases of the tag
signal at several receiving antennas. It can be viewed as a form
of direction-of-arrival estimation using phased aray antenna
[39-40]. Many signal processing techniques have been
developed in this field to improve angle estimation accuracy
[41-42]. The technique 1s illustrated in Fig. 6 for the bistatic
reader configuration (separate transmit and receive antennas).

Readsr

Tx ))) dfqi -

two components of the tag phase (phase offset and tag Rx1
Dackseatter phase) do not change, and taking the derivative of
the phase with respect to time, we can caleulate tag radial

)

Let us look at TD - PDOA which is the time domain phase difference of arrival. So, first look at
the picture. It says the reader is fixed to a position; it is fixed to one position. Typical of what I
mentioned about the factory floor and then there is a carton carrying a number of tagged
components and you are interested in localizing these tags. So, the tag is moving across and then
so let us see what exactly you have to do now. The idea is that you have to estimate the projection
of tag velocity vector V on the line of sight between the tag and the reader by measuring the tag

phases at different time moments.

You are measuring 1 at this instant and @2 at a slightly later instant because the tag has moved
to some other distance moving along. So, you will get another tag reading measuring the tag phases
at different time moments. So, you are assuming that this tag is moving at a constant speed some

distance away from the reader.

(Refer Slide Time: 16:52)
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can be viewed as a form of measuring Doppler shift to
determing the speed of the mobile node [22-24], The technique
is illustrated in Fig. 4, where the tag moves with a constant
speed some distance away from the reader antenna.

both moving and stationary tags.
C. $D-PDOA (Spatial Domaim Phase Difference of Arrival)

SD-PDOA allows one to estimate the bearing (direction to
the tag), or the angle of arrival, by measuring phases of the tag
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signal at several receiving antennas, It can be viewed as a form
of direction-of-ammival estimation using phased amay antenna
[39-40]. Many signal processing techniques have been nle
developed in this field to improve angle estimation accuracy
[41-42]. The technique is illustrated in Fig. 6 for the bistatic
reader configuration (separate transmit and receive antennas),

Tag
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Fig. 4. TD-PDOA illustration.

By measuring the phase of the tag signal at two different
time moments (at the fixed frequency), assuming that other
two components of the tag phase (phase offset and tag
backscatter phase) do not change. and taking the derivative of
the phase with respect to time, we can caleulate tag radial
velocity projection as:

A
1 ¢ o i
I’J :——Tw L (7}

i &
A theoretical application of this technique to RFID recently
appeared in [25), where network analyzer was used for
channel measurements, Note that the velocity caleulated from

LA 0

Fig, 6. SD-PDOA illustration.
By measuring the phase difference @, =@, of the received

1ag signal at o different receiving antennas (at the fived
frequency channel) and atrbutng it to the path

Now the idea is if by measuring the phase of the tag signal at 2 different time moments where you
are taking the derivative of the phase with respect to time essentially gives you the velocity

projection. So, the formula is

9
p= -~ 2%
4rcf of

The base principle is to estimate the velocity of the tag with using this phase signals that you

measure at 2 different time intervals .This is essentially the core idea of TD - PDOA.

Now, let us look at FD - PDOA which is essentially the frequency domain phase difference of

arrival.
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with time (if the tag aceelerates/decelerates). dimensional tag bearing as:
B. FD-PDOA (Frequency, Domam Phase Difference of Arrival) o= al'csfn{- 168 _Ef/’, il ) q 5 (&}
. T 2
FD-PDOA allows one to estimate the distance (0 the tag by o

‘measuring tag phase at different frequencies. It can be viewed
as a form of ranging using well known frequency modulated
continuous wave (FM CW) radar [26-27], or similar harmonic
[28-31] radar. The technique 1s illustrated in Figure 5
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Fig. 5. FD-PDOA illustration.

By measuring the phase of the tag signal at several (two or
more) frequencies, taking the derivative of the phase with
respect 10 frequency, and assuming that other two components
of the tag phase (phase offset and tag backscatter phase) do
not change with frequency or can be calibrated out, and the tag
has not moved much (much less than wavelength) during the
measurements, we can calculate the range to the tag as:

A
d= (NN 4 (8)
47

where a i the spacing between the two receiving antennas.
Transmitted antenna can be located anywhere (the phase offset
can be calibrated out). Phase measurements on antennas 1 and
2 can either be done simultancously (in this case, RFID reader
needs to have 2-channel receiver) or sequentially (the tag can
be interrogated several times, while the receiving antennas are
switched berween tag queries).

Equation 9 assumes that the tag is far so that simple
trigonometry can be used. In gemeral, a set of hyperbolic
equations can be used for localization, like it is done in GPS
[43]. Note that many variations of SD-PDOA are possible in
RFID. For example, an array of several receiving antennas can
be used 1o locate tag in three dimensions [44-45]. Other
variations can be found in several issued or pending patents
[46-48]. Reader antennas can also be used in monostatic mode
(sinmltaneous transmit'receive). If monostatic configuration 1s
used. equation 9 needs to be modified (the denominator in this
case becomes 4.7 instead of 27 ). The bistatic configuration is
preferable in SD-PDOA because in all received tag responses,
the tag is powered in the same way by separate high gain
transmiit antenna. Also, receive antennas do not need to have

LA

Any time you read such paragraphs you have to keep imagining what are the assumptions under
which such a measurement is done: this is absolutely critical in such a course. What are the
assumptions? What are the underlying assumptions? Look back at TD-PDOA, look at the
assumptions that it has made. Now let us see, what is the assumption here and how do you do a
measurement. It is not a setting where the reader is fixed and the tags are moving. It does not make

that assumption; it is trying to do a localization using another technique for some other scenario.

So, let us look at here. It allows to estimate of distance to the tag by measuring tag phases at
different frequencies. To understand, you have to go back to your fundamentals. What are the
sweep frequencies that a reader can provide support? By the way, this technique is also something

that FMCW radars use which are very popular and also in automotive applications.

So, the technique is quite simple: you measure the phase of the tag signal at several frequencies,
two or more frequencies; taking the derivative of the phase with respect to frequency. And
assuming that other two components of the tag phase i.e phase offset and tag backscatter phase do
not change with frequency or can be removed (nothing, but calibrated out) and the tag has not
moved much: this is important during the measurement. We can calculate using this very simple

expression given here.
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Note that using several different reader antennas and applying FD-PDOA to each one of them, one
can localize the tag in 3-dimension like it is done in FM CW radars. This makes one critical
assumption that you have a large sweep bandwidth; only then this is a good technique for you to
try. Now that brings us to the third way of localizing which is based on the spatial domain phase

difference of arrival.

The moment you see such a picture you have to look at it and say what the assumptions are, under
which this technique can be applied. Now let us see you have reader with multiple receive antennas
Rx1 and Rx2, and they have a separation. “What should be the separation?”” You have to ask
yourself is there a limitation on this, or how should I set “a ”, the small “a”’, how do I set this? And
you see there is a transmit antenna which is throwing power on the tag and these two receive
antennas are reading off the tag response. Of course, RSSI will be there, but we do not use it. But
we are interested in the phase information that the readers antenna actually the antennas actually

read off, one is @1 and that the other is ¢2.

Now it is quite simple if you have a separation of “a” between this Rx1 and Rx2: d1 is the distance
between the tag and Rx1 and d2 is essentially the distance between Rx2 and the tag. It is now
simple that if you take by measuring the phase difference @2 - @1 of the received tag signal at two
different receiving antennas and attributing it to the path difference d2 - d1, we can approximately

calculate 2-dimensional tag bearing using following arc sine expression.

6 =~ arcsin [— zif (2 ; (pl)]

Now, essentially this brings us to a very important point which is “a”, how is this “a” to be used?
“a” 1s the spacing between the 2 receiving antennas and it can be set in certain ways. The
transmitter antenna can be located anywhere (not important), but phase measurements on antenna
1 and antenna 2 can be done simultaneously. This is a very simple technique where you are

essentially trying to convert the phase difference into path difference; this is the crux of the story



and then using given expression you can actually approximately calculate @ by just measuring ¢2

and @1 and knowing “a”.

(Refer Slide Time: 23:12)
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e
souree (marked in blue). On  Fig. 3(c), removing ambiguity while maintain-
 higher resolution, ing the high resolution
where X is the wavelength. Clearly, the more antennas on the array, We have built a prototype of RF-IDraw using commercial RFID

used it 1o track off-the-shelf UHF RFIDs. Funther, we

F-IDraw with the handwriting recognition functionality

the nartower its beam and the higher the resolution if provides in readers
identifying the direction of the source. Thus, a standard approach ntegra

LA

Now, we spoke about this receive antenna separation and “a”. Now question is how should you
set this “a” right? There is a full paper theory on how this should actually be set; it is quite intuitive

actually.

Let me show you some pictures on setting of this “a” and how you will trade off resolution with

ambiguity.

So, let me point it out. Supposing you have “a”, the separation between the 2 antennas set to A/2.
You know the frequency of operation of RFID; from there you find out A and then you do A/2.
Suppose you have A/2, just look at this picture: there are 2 antenna as 2 dots here. Similarly if you
have A separation, you have 2 beams going out divergently. Suppose you have 8 A separation in
“a” and what if you had a separation like the white beam in figure 3a; this is ‘a’ acts as a filter on
figure 3c on this, has a filter on figure 3. It is a removing ambiguity while maintaining high

resolution.

Now, you must understand this picture and keep the following in mind the take away indeed is it

is nothing but the tradeoff between improving resolution and removing ambiguity. As the



separation of the antenna pair increases, the number of beams also increases, that is obvious,
causing ambiguity in localizing the source which is marked in blue, which is nothing but the tag
of interest. On the other hand each beam gets narrower leading to higher resolution. If 8 A is used,
the resolution is very high but ambiguity is extreme, it is very highly ambiguous. In other words

the resolution is good, but ambiguity is also very high.

If you do A separation, you have A separation of between the 2 receiver antennas. Please note again
that you have a problem of one beam going in a different direction and the other beam is actually
holding onto the tag. So, you have a lot of problem there as well and although the ambiguity is just

down to either it is in this beam or in that beam.

But if you take the A/2 separation, the resolution is poor. You do not know where in the particular
beam the tag is actually located. But ambiguity is not there; is almost eliminated. So, essentially
we are trying to trade the ambiguity to resolution by having different separations between the

antennas.
All of this is captured in this beautiful paper which is called RF-IDraw.

(Refer Slide Time: 27:30)
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RF-IDraw: Virtual Touch Screen in the Air Using RF Signals

Jue Wang, Deepak Vasisht, and Dina Katabi
Massachisetts Institute of Technology
{jue_w deepaky,dk}@mit.edu

ABSTRACT

Prior work in RF-based positionng has manly focused on dis-
ocation of an RF source, where state-of-(le:

ceuricy on the order of fens of centime:
However, many applications
g sslure hased interface see more henefits in Know-
ng the detaled shape of a motion, Such trajectory (racing requires
a resolution several fold higher than it existing RF-based posi

tioning systems can offer, 14) RFID (b} Recomstructed Word
This paper shows that one can provide a dramatic increase in tra Figure 1—Enabling Virtual Touch Sereen

Jectory tracing accuracy. even with a snull numiber of antennas. The the trajectory shape of an RFID on the user's fin

Key enabler for our design is 4 multi-resolution positioning (ech- ransform any plane or surface into @ virtual oueh scre

LA

This paper was published in one of the SIGCOMM conferences and I encourage you to essentially

read this paper in great detail, so, that you will appreciate the evaluation done in this paper.
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location; for example, in gesture-hased user interfaces, it is more
important 1o bz ahle to precisely track the shape of a gesture with
high resolution and fidelity, while the actual position may still have
anoffset. For such applications, schemes cannot reproduce
an accurate ersion of the trajectory shape 1o satisfy the applica-

shi

tions” needs.

This paper introduces RF-IDraw, a system that can accurately
trace the 1 ory of an RF source, particularly an RFID. RF-
50 e that it enables a virmal
touch sereen based on RF signals. Today, o user can write, scroll,
or swipe on a touch screen of a smart phene or tablet. Taking this
a step funber, RF-IDaw allows a user to input her commands by

Permis

work for pepsonl or

using an RFID attached 1o 4 pen o a finger splint, as shown in
Fig. I(a). RF-IDraw would reconstruct the RFID's trajectory and
interpret the user’s writing and gestures as input to the desired com-
puting device, Essentia 3 can transform any plane or
surface in space into a virtual touch s Fig. 1(b) shows an ex-
ample of RF-IDraw’s output which was entered by writing in the
air using an RFID on the user’s finger. Such a virtual touch screen
can be used 1o realize a variety of applications. For example, it can
be used o interact with a remole sereen. 1o send commands (o a cell
phone without touching it, or 1o interface with small devices (e.g.,
sensors) that do not have space for a keyhoard.

RF-1Draw’s technology is based on the realization that a dif-
flerent design principle for leveraging multiple antennas can lead
o @ sighificant impy in both tracing and -

clnssoom use s are not wade or distribued . oo
it ot coeber hmtee st ooy CUICY: Specificall. stte-ofthe-rt RE-based postoning systems
on the first page, € o componcats of Uhis work awned s than the typically use an antenna armay, amd leverage its heansteering capa-

authorts) st he honred. Absractng with cedit s ermited, To copy otherwise,or

t;ihry 10 detect the direction of the source [41. 39, 12.21]. The loca-

repoblish, o post o serers or o s 1ot rquines piorspcific permision. (o f the source ¢an then be computed by intersecting the beams
of multiple such arrays. Hence, o obtain a high accuricy, they need
an array with a narrow beam, which requires a large number of an-
tennas. For example, Fig. 2 compares the beam width of 2-antenna
and 4-antenna arrays; both have the défault antenna spacing of %

Copyright s held
ACM U78-| 450325
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So, this paper essentially is a realization of different principle of leveraging multiple antenna and
how it can improve both tracing as well as localization accuracy, diffuses state-of-art positioning
systems and a situation is developed where you need an array of antenna. Because you will be able
to do SD-PDOA provided you have multiple receiving antenna. So, if you have to obtain a high
accuracy you need to have a narrow beam. And therefore, you need large number of antenna and

how the separation should be.



(Refer Slide Time: 28:49)

Fle Edit View Window Help

o | 1 |

"
]

e

CROTERETA R N o RS M IO - )

o [ | oo |

(@) 3 3 Separation (b} A Separation

the sepu
creases accordin
the other hand. ¢

mbiguity n localizi

where \ is the wavelength. Clearly, the more anennas on the array,
e narrower s beam and the higher the resolution it provides in
identifying the irection of the source. Thus. « standard approach
in RF positioning systems is to increase the number of antennas in
(he array in order 10 achieve higher accuracy [41. 39].

[mcontrast, in designing RE-IDraw, we realize that for any num-
ber of antennas, there is always a (radeoff between resolurion and
nantbiguity. Specifically, let us fix the number of anfennas fo be 2,
and consider the beam patterns of this pair of antennas when they
are separited by 3. X, und 8 as shown in Fig. 3(a). (b)
and {c). As we can see, when (he antenna separation is -’; the array
has u single beam: yel the beam is wide and does not pinpoint the di-
rection of the source, i.e., low resolution, As the antenna separation
increases, the beam becomes narrower and more tightly bounds the
direction of the source. However, instead of a single beam, we start
{0 see multiple beams, despite the fact (hat there is a single direc-
lion along which the actual signal arrives. which causes ambiguity.
Ths, there is a tradeoff in antenna spacing, between localizing L with
high resolution and localizing with o ambiguity,

Past work uses arrays with @ maximum antenna

\4‘|J\ W 19], hence avoiding Lsnhmlm\ but .1]wnunn|ng|hx
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moving Ambig;
the number of beams in-
e source (marked in blue). On
narrower, leading o  higher resolution,

{c) BA Separation

i s Figure 4—Multi-Resolution Design:  The

wide beam in 3a) aets as @ filler on
Fl; 3(c), removing ambiguity while maintain-
high resolution,

We have built a prototype of RF-1Draw using commercial RFID
seaders and used it 10 track off-the-shelf UHF RFIDs. Further, we
ingegrated RF-[Draw with the handwriting recognition functionality
in the MyScript Stylus [36] Android app to evaluate RF-IDraw's
function as a virtual touch screen. We run our t’\pt‘l\lll'tl“\ with five
users in both line-of-s

from the reader antennas.'
findings:

Our experiments lead to the [ ullmnng

o REIDrnw can track. the detailed trajectory shape of the users
of 3.7 ¢, 11 more accurate
than |he state-0f-he-urt antenna array based technique u
same number of antennas. Note that, this accuracy number does
not fully capture the power of RF-IDras's trajectory tracing. [n
ular, even with & median 3.7 em emor on poinis along the
Imuhvﬁ the shape of the overall trajectory is still preserved,
because this emor only reflects the coheren! siretching or squeez-
ing of the trajectory. Therefore, the handwnitten characters re-
constructed by RF-IDraw are correctly recognized by MySeript
Stylus in 97.5% of the cases, and the words reconstructed by RF-
1Drw are correctly recognized in 92% of the cases. In contrast,
for the trajectories reproduced by the antenma array based tech-
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A

several schemes can achieve a higher accuracy of a few centime-
identifying the nearest (39, 37], For example, the
work in [37] leverages the motion of a robot equipped with refer-
ence RFIDs to enable centimeter-scale accuracy in grasping an ob-
ject (agged with RFIDs. RF-1Draw differs from these past schemes
in both technigues & pdhllllm By nlfcuml\ L\Nﬂlllll" Ihc
high resolution of
ulter\ mnmlclu:cl acc

delm Eed lm

155 0f mphmnunw \\]ud\ are w
. stich as virtual touch screen in the air

The conception and design of RF-IDraw are inspired by astro-
nomical interferometry, where telescopes are used (0 ir the
sky and search for planets [20, 34. 2| In particular, in astron-
omy. pairs of telescopes with large separation are used to produce
high-resolution fringes, One can consider these telescopes as an-
tennas The narmow beams produced by RE-IDraw’s antenna pairs
large separation and the fringes in interferometry are similar
in nature, i.e., both offer high resolution at the cost of ambiguity,
Ambiguity in interferometry is resolved using delay lines which
effectively orient each telescope pair lowards 4 particular part of
the sky, whereas in RF-IDraw, we use a pair of antennas with small
separation o focus on a particular region in the area of interest, Fur-
thermore. in astronomy, the rotation of the Earth/sky is exploited to
facilitate better caverage and accuracy. In RF-IDraw, although we

Figure 3—Angle of Arrival at Antenna Pair: B:
phise difference measured between a pair of ant
timate the spatial direction along which the source's

ed on the signal
. oe Call es-
al

terface, yel it only supports the detection and classification of a pre-
defined set of ni
recognilion require
IDraw is a software patch that can be added to today's standard
RFID readers. and does not require any hardware modification,

3. MULTI-RESOLUTION POSITIONING

31 Primer

In RF-based positioning, the Angle of Arrival (AoA) of an RF
source is computed by comparing the phases of the received sig-
nals at multiple antennas [24]. Underlying the AoA computation is

So, then let us go slowly into this picture which is SD- PDOA. What is this picture saying? There

is a tag which is S in this paper; they use S as a notation and there are 2 positions for the receiver

“ *99 €¢I

antenna, one position is this and the other position is “;” and they are separated by a distance

(13 "7

D. dsi and ds;j are essentially distances from the source to point and dsj is from the distance

[I¥:3]

between the source to the point /.



The distance dsi is greater than dsj by Ad, which is given as Ad = Dcos®0.

(Refer Slide Time: 30:22)
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omy, pairs of telescopes with large separation are used to produce
high-resolution fringes. One can consider these telescopes as an-
tennas, The namow beams produced by RF-IDraw’s antenna pairs
wilh large separation and the fringes in imerferometry are similar
in nature, i.e., both offer high resolution at the cost of ambiguity.
Ambiguity in interferomelry is resolved using delay lines which
effectively orient each telescope pair towards a particular part of
the sky, whereas in RF-IDraw, we use a pair of antennas with snwall
separation o focus on a particular region in the area of interest. Fur-
thermore, in astronomy, the rotation of the Earth/sky is exploited to
facilitate better cove (N In RF-IDraw, although we
do ot have a known motion like the rotation of the Earth to lever-
age. we integrate information gathered throughout the trajectory of
the RF device to improve the elimination of ambiguity,
a similar flavor. However, while the underfying mtuition is
ferable between the two, RF-IDraw’s ’ process
technigues, and 2 jons significantly differ from ast ical
inferferomeiry,

In the context of RF antenna arrays, recently there is a growing
interest in exploring the use of sparse arrays to estimate the angle
of arrival [31, 25, 18], For example., (31, 23] propose the use of co-
prime sampling in a large uniform linear array to reduce the number
of antennas needed: | 18] evaluates the use of compressive sensing
in sampling the antenna positions. By virtue of emulating very large
armays. these schemes show asymplotic improvement over the naive
AoA approach through theoretical analyses. However, for a small
number of antennas ible to our application of interest (... 8 in

o asvmnlotic analysis 5 5 saninefiil

defined set oT nine gestures. Further. past work on RF-hased ges
recognition requires modified hardware [27, 10, 9. In cont
IDraw is 4 software patch that can be added o today's
RFID readers, and does not require any hardware modification,

3. MULTI-RESOLUTION POSITIONING

31 Primer

In RF-based positioning. the Angle of Arrival (AoA) of an RF
source is computed by comparing the phases of the received sig-
nals at multiple antennas [24]. Underlying the AoA computation is
the widely known principle that the phase of an RF signal rotates
by 2w for every A distance the signal travels [35], where A is the
wavelength. Specifically, let us consider a signal source af position
5, and a pair of receive antennas i and j separated by D in Fig, 5.
s and s denote the distances from § o the (wo antenbias respec-
tively, and ¢ and ¢y are the phases of the received signal that we
measure al the two antennas. ¢y, oy € [0,2r). The distances and
the received signal phases have the Following known relations due
{0 the phase rotation [33):

In
= -mml(Tds;.ln)

= —mm.‘[%d:;.ivr]

n

Hence; the phase difference between the received signals at the two
antennias, Az = oy = oy, refates 10 the difference in their distances

This paper is essentially looking at the underlying computation of angle of arrival using the rotation

of RF signal by 2= for every A distance. Let me take a new sheet to explain this.

(Refer Slide Time: 30:48)
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If you take a sine wave of one cycle, what should be the length? This should be A. So, this 27 of
phase is indeed A. So, let us go back and connect back to this picture here. The phase of an RF
signal rotates by 2x for every A distance, where A is the wavelength. Specifically let us consider a
signal source at position S and a pair of receive antennas i and j. You have ¢i and ¢j: lie between

0 and 2n. The distances and the received phase signal phases have the following known

relationships due to estimated phase rotation.

(Refer Slide Time: 31:55
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You can calculate ¢; and ¢; using above expressions. Both are identical as you can see except that

this dS,i and this is dS,j and then you find out the phase difference ¢; - ¢i and relate it to the path

difference between the 2

(Refer Slide Time: 32:22

effectively orient each telescope pair towards a particular part of
the sky, whereqs in RF-IDraw, we use a pair of antennas with small
separation 1o focus on a particular region in the area of interest, Fur-
lhwmuu i astrononyy. the rotation of the Earthfsky is exploited to
er coverage and aecuracy. In RF-IDraw, alihough we
known motion like the rotation of the Earth to lever-
crale information gathered throughout the trajectory of
|m RF device to improve the elimination of ambiguity. which has
a similar lavor, However, while the underlying intuition is trans
ferable between the two, RF-IDraw’s algorithms, signal processing
technigues, and applications significantly differ from astronomical
interferometry,

In the context of RF antenna arrays,
inlerest in exploring ihe use of spa
of arrival |31, 25, 18) Fmdum!h
prime sampling ay 10 reduce (he number
of antennas needed: M\]u dluates the use of compressive sensing
insampling the antenna positions. By virtue of emulating very large
armays. these schemes show usymplotic improvemen over (he naive
AoA approach through theoretical analyses. However, for a small
number of antennas available to our application of interest (i.e., 8 in
total), the asymptotic analysis does not lead to any meaningful gain,
and hence these proposals cannol aehieve the resolution enabled by
RF-1Draw. Furthermare, they focus on estimaling a single meastre-
ment of angle of arvival, as oppesed o tracing the trajectory shape
as RF-IDraw does.

Systems such as [7] and [32] miake use of depth sensors (g2
Kinect) and infrared cameras (e.o. Wii) 1o um a projector screen

recently there is a growing
s [o estimale the angle
| propose the use of co-

signals.

)

31 Primer

In RF-hased positioning, the Angle of Arrival (AoA) of an RF
source is computed by comparing the phases of the received sig-
nals i multiple antenns [24] Undertying the AoA computation is
the widely known principle that the phase of an RF signal rotates
by 2 for every A distance the signal travels [35], where A is the
wavelength. Specifically, let us consider o signal source al position
8, and a pair of receive aniennas i and f separuted by D in Fig. 5
sy andld denote the distances from § o the two anlemnas fespec-
tively, and ¢ and & are the phases of the received signal that we
measure af (he two antennas. gy ¢y € [0,2r). The distances and
the received signal phases have the following known relations due
fothe phase rotation [35):

%

oy = ~moud( 'K""”':"'
. (1]
I

dy = —modd| -A—J_gd.lﬁl

Hence, the phase difference between the received signals at the,wo
antennas, Ady; = dy— oy, relates 1 the difference in their distances
from the source, Ady; = ds; = ds, as follows:

@

A A
where k can be any integerin [-2 — 5% 2 — S

When §is relatively far from the 4mwn.| pair, i F|g 5 shows,




lable to our application of interest (i.c.. 8 in
sis does not lead (o any mean

number of antenna
folal). the asympiotic

RF-1Draw, Furthermore, they focus on estimating a single measure-
ment of angle of arrival, as opposed Lo fracing the trajectory shape
as RF-IDraw do

Systems such as 7] and [32] make use of depth sensors (e.g.,
Kinect) and infrared cameras (... Wii) to wm a projector screen
or wall into a touch screen and allow a user 1 interact with the
display using u specially designed pen. RF-IDraw is the first RF-
based virtual touch screen; unlike solutions based on depth imaging
or infrared, it does not requ sight to work, Further, since
RF sources have unique 1Ds te.g.. RFID EPC 1D [15]). it is easy lo
scale (o larger number of users simultaneously interacting through
the virtual touch screen without causing confusion.

Finally, RF-IDgw's application is inspired by recent work on
motion tracking [27. 10, 9] which uses RF signals to enable a user
fo interact with the environment. Differing from these systems, RF-
IDranw s the first RF-based solution that can accurately reconstruct
the detailed trajectory of a user’s writing or gesturing in the air,
where each letter or gesture is only a few centimeters wide, Such ca-
pability is not supported by prior work in RF-based gesture recog-
nition. For example, [27] presents a state-of-the-art WiFi-basad in-

ot | s | comnen |

antennas, Ady; = dj— oy, relates o the difference in their distances
from the source, Ady; = ds; = ds;. as follows:

Oy N o
3 o0 m k 2

where K can be dny inegerin [~2 — 32— 38

When § is relatively far from the antenna pair, as Fig. 5 shows,
24 can e appronimated as 2522 where § s the angle of arival,
Thus, in this case we can rewrite Eq. 2 as

Deost _ Ady
— ="t (3
el
We note that Equations 2 and 3 are the same excepl for the ap-
Homd

proximition A—:‘ & 522 which is satisfied when the receive an-
Lennas are at some distance from the source. Eg. 3 is more intuitive
since it directly articulates the spatial angle to the source, ¢, Hence.
we nse this form in the rest of the section for our explanation, How-
ever, Eq. 2is more accurate af close distances from the source and
could be used directly in the imple on 1o avoid unnecessary
approximation noise, Indeed, the precise formulation in Eq. 2 is a
standard equation representing one or a set of hyperbolas. When
the distance is large, a hyperbola reduces 1o a ray printing towards
a specific spatial direction '

And essentially you come up with the given expression.

Ad;;

Ag;;

27

You will use this phase difference and convert it to path difference, and construct what are known
as multiple hyperbola and look at the intersection of these hyperbolas to determine the exact

position of the tag.



