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SINGLE ANTENNA SINGLE READER 
SYSTEM AND METHOD FOR LOCATING A 

TAG 

CROSS REFERENCE TO RELATED 
APPLICATION 

[0001] This application claims priority under 35 USC §1 19 
(e)(l ) ofProvisional Application No. 61/026,759, ?led Feb. 7, 
2008, incorporated herein by reference. 

TECHNICAL FIELD OF THE INVENTION 

[0002] The present invention generally relates to location 
and identi?cation of a tag. More particularly, the invention 
relates to single antenna single reader (SASR) system for 
locating surface acoustic Wave (SAW) radio frequency iden 
ti?cation (RFID) tag. 

BACKGROUND OF THE INVENTION 

[0003] Multi-trillion dollar losses occur every year due to 
products that are lost, stolen, misrouted, over/under stocked, 
out-of-date, and so on. Surface acoustic Wave (SAW) radio 
frequency identi?cation (RFID) tags that attach to products 
may limit such losses by alloWing determination of the loca 
tion of each product that has a tag attached. Commercial 
applications require large numbers of SAW RFID tags each 
With a unique ID number for product location identi?cation. 

SUMMARY OF THE INVENTION 

[0004] In one aspect, a method for locating a tag, includes 
but is not limited to transmitting an interrogation signal from 
a reader With a single antenna to the tag, Wherein the single 
antenna is in motion; receiving a response signal at the reader 
from the tag; determining the range of the tag from the reader; 
determining the received signal strength (RSS) of the 
response signal at the reader from the tag; determining the 
maximum correlation of the response signal at the reader 
from the tag; and determining the location of the tag using 
range of the tag from the reader, received signal strength and 
maximum correlation of the response signal. 
[0005] In one aspect, a system for locating a tag includes 
but is not limited to a reader; a reader antenna operably 
coupled to the reader, Wherein the reader antenna is in motion; 
a tag operably coupled to the reader antenna, said reader 
transmitting an interrogation signal to the tag and receiving a 
response signal from the tag; Wherein the reader determines 
the range of the tag from the reader, received signal strength 
(RSS) of the response signal at the reader from the tag, and the 
maximum correlation of the response signal at the reader 
from the tag; Wherein the reader determines the location of the 
tag using range of the tag from the reader, RSS, and maximum 
correlation of the response signal. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0006] FIG. 1, in accordance With some embodiments of 
the invention, is a schematic of a single antenna single reader 
SAW RFID system; 
[0007] FIG. 2 is a graph of amplitude versus frequency 
shoWing reader interrogation pulse, environmental echoes 
and RFID tag echoes; 
[0008] FIG. 3(a) shoWs vertical gain pattern of the 
HG2418P antenna from Hyperlink TechnologiesTM; 
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[0009] FIG. 3(b) shoWs horizontal gain pattern of the 
HG2418P antenna from Hyperlink TechnologiesTM; 
[0010] FIG. 3(c), in accordance With some embodiments of 
the invention, is a schematic of an antenna shoWing the 
antenna beam from top vieW; 
[0011] FIG. 3(d), in accordance With some embodiments of 
the invention, is a schematic of an antenna shoWing the 
antenna beam from side vieW; 
[0012] FIG. 3(e), in accordance With some embodiments of 
the invention, is a schematic of an antenna shoWing the 
antenna beam from front vieW; 
[0013] FIG. 3(f), in accordance With some embodiments of 
the invention, is a schematic of an antenna shoWing the 
antenna beam in a three-dimensional vieW; 
[0014] FIG. 4 is a graph of received signal strength at reader 
from RFID tag versus reader to RFID tag distance; 
[0015] FIG. 5, in accordance With some embodiments of 
the invention, is a schematic of a single antenna single reader 
(SASR) system for locating SAW RFID tag; 
[0016] FIG. 6, in accordance With some embodiments of 
the invention, shoWs a ?owchart of single antenna single 
reader (SASR) method for locating SAW RFID tag; 
[0017] FIG. 7 shoWs a SASR system for locating SAW 
RFID tags in a large room; 
[0018] FIG. 8(a) is a graph of read range versus skeW for 
different sampling ranges for SASR system of FIG. 7; 
[0019] FIG. 8(b) is a graph of maximum correlation versus 
skeW for different sampling ranges for SASR system of FIG. 
7; 
[0020] FIG. 8(c) is a graph of received signal strength ver 
sus skeW for different sampling ranges for SASR system of 
FIG. 7; 
[0021] FIG. 8(d) is a graph of readability versus skeW for 
different sampling ranges for SASR system of FIG. 7; 
[0022] FIG. 9 shoWs four charts illustrating location deter 
mination of a tag using SASR system and method; 
[0023] FIG. 10(a) shoWs graph of maximum correlation 
and readability versus frequency up to 500 HZ With applica 
tion of vibrational stress on RFID tag from travel on highWay 

truck; 
[0024] FIG. 10(b) shoWs graph of maximum correlation 
and readability versus frequency up to 2000 HZ With applica 
tion of vibrational stress on RFID tag from travel on highWay 
truck. 

DETAILED DESCRIPTION OF PREFERRED 
EMBODIMENTS 

[0025] A novel SAW RFID enabled real-time location sys 
tem (RTLS) is disclosed that accurately locates a tag in 2-di 
mensional (2D) localiZation system. The method of detecting 
the tag is based upon the physics of electromagnetic radiation 
and operation of SAW RFID system. The RTLS system com 
bines a SAW RFID system using a single antenna single 
reader (SASR) With Radio Detection and Ranging (RADAR) 
techniques. The method alloWs 2D localiZation using the 
angular rotation of the single reader’s single antenna. 
[0026] Surface acoustic Wave (SAW) radio frequency iden 
ti?cation (RFID) tags are read-only transponder devices. 
Such tags alloW an ID tag numbering system that is capable of 
providing a unique ID number designated as an electronic 
product code (EPC) for each product. Surface acoustic Wave 
RFID tags utiliZe a pieZoelectric substrate such as lithium 
niabate and have one metal layer upon the substrate to create 
a functioning tag. SAW RFID tags do not need a poWer source 
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because these tags do not use transistors, capacitors, diodes or 
other functional elements. SAW RFID tags communicate 
With a reader using radio frequency communications. Each 
SAW RFID tag carries and communicates an EPC identi?er 
number that is used to identify the object to Which the tag is 
a?ixed. SAW RFID tags are programmed during the manu 
facturing process and do not alloW modi?cation of the tag 
identi?er number. 
[0027] The piezoelectric substrate of the SAW RFID tag 
remains electrically neutral because the positive and negative 
charges on the substrate are symmetrically distributed. Upon 
application of mechanical stress to the substrate, the charge 
symmetry is disturbed causing charge asymmetry. This 
charge asymmetry generates a voltage across the piezoelec 
tric substrate. This “piezoelectric effect” can be de?ned as the 
relationship of energy transfer from the mechanical to elec 
trical domain and vice versa using Gauss’ laW and Hooke’s 
laW. The relationship betWeen the mechanical and electrical 
domains is governed by the folloWing equations: 

siqij-Erjmh-Ek (1) 

Dl:dlm Tm+ElnTEn (2) 
Where i,j,m:l, . . . , 6 and k,l,n:l ,2,3. In Equations (1) and (2) 
S, D, E and T are the strain, dielectric displacement, electric 
?eld and stress respectively, and sly-E, dkl- and EMT are the 
elastic compliances, the piezoelectric constants and the 
dielectric permittivity respectively. Thus, the voltage gener 
ated by the piezoelectric effect is directly dependant on the 
force (mechanical stress) applied to the piezoelectric sub 
strate. The direction in Which the stress is applied is important 
because application of stress on one side or direction Will 
generate more voltage in that direction/ side. Thus, in a SAW 
based RFID system, it is this relationship of stress and strain 
that governs surface acoustic Wave generation and conversion 
to electromagnetic radiation through the interdigital trans 
ducer (IDT). 
[0028] FIG. 1, in accordance With some embodiments of 
the invention, shoWs a SAW RFID system 100 including a tag 
110, tag antenna 130, reader 115, reader antenna 120 and 
information subsystem (not shoWn). The information sub 
system is coupled to the reader and utilizes the information 
captured by the reader to identify the tag and its location. As 
shoWn in FIG. 1 and described above, a SAW RFID system 
operates by relying on the conversion of radio frequency 
Waves 150, 155 into nano-scaled mechanical or acoustic 
Waves 160, 165 and vice-versa. 
[0029] SAW RFID tag 110 is a one-port device that 
includes an interdigital transducer (IDT) 140 and a series of 
Wave re?ectors 145. IDT 140 is directly connected to tag’s 
antenna 130. The tag’s antenna 130 both receives the interro 
gation radio frequency signal 150 from reader 115 and radi 
ates the reply radio frequency signal 155 generated by the 
tag’s re?ectors 145. In accordance With some embodiments of 
the invention, tag antenna 130 may be a patch antenna. 
[0030] Referring to FIG. 2, in surface acoustic Wave based 
RFID systems, reader 115 sends out an impulse spike 210 or 
ramp in an allotted frequency band such as the 2.45 GHz 
industrial, scienti?c and medical (ISM) band. The SAW tag 
110 receives this electromagnetic signal and converts it into a 
mechanical surface acoustic Wave 160 by Way of the IDT 140. 
The surface acoustic Wave 160 propagates across the surface 
of the piezoelectric substrate in the form of Rayleigh Waves 
aWay from the IDT 140. Partial Wave re?ectors 145, created 
from the deposited metal and located at precise distances 
from the IDT 140, partially re?ect the mechanical surface 
acoustic Wave on the substrate. The series of re?ections cre 
ates a unique sequence of pulses 165 (based on the deposited 
re?ectors on the piezoelectric substrate) propagating toWards 
the IDT 140. The unique sequence of SAW pulses 165 are 
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converted into radio frequency electromagnetic (EM) Waves 
155 by IDT 140. Tag antenna 130 transmits the radio fre 
quency Waves 155 to reader 115 via reader antenna 120. As 
shoWn in FIG. 2, the unique radio frequency Wave pattern 
communicated by the tag, Which is a sequence of re?ections 
230 of the reader’s sent signal, is received by the reader 115. 
Reader 115 using a speci?c identi?cation algorithm identi?es 
the unique radio frequency Wave pattern to decode the unique 
tag ID number. As described in more detail beloW, the infor 
mation sub system utilizes the information captured by the 
reader to identify the tag and its location. The physical oper 
ating characteristics and communication capabilities of SAW 
RFID systems alloWs the reader to capture information that 
includes the time of ?ight (TOF) from the tag of the radio 
frequency Waves. The TOF enables accurate determination of 
the distance of the tag from the reader. This inherent feature of 
SAW RFID systems make them Well suited foruse in loW cost 
real-time location systems (RTLS). 
[0031] In accordance With some embodiments of the inven 
tion, reader 115 may be a Model 501 SAW RFID reader 
manufactured by RFSAWTM Inc. RF SAWTM Inc reader has an 
operating frequency in the ISM frequency band of 2.45 GHz 
and tag read speed of 1000 samples/second for data collec 
tion. In accordance With some embodiments of the invention, 
reader antenna 120 may be a model HG2418P manufactured 
by Hyperlink TechnologiesTM. HG2418P reader antenna has 
a horizontal beam Width of 22 degrees, vertical beam Width of 
17 degrees, and electrical speci?cations as given in Table 1. 
FIG. 3(a) shoWs the vertical gain pattern that produces the 
vertical beam of the HG2418P antenna. FIG. 3(b) shoWs 
horizontal gain pattern that produces horizontal beam of the 
HG2418P antenna. FIGS. 3(c)-3(f), in accordance With some 
embodiments of the invention, shoWs the antenna beam from 
different perspective vieWs. Top vieW 310 in FIG. 3(c) clearly 
shoWs the horizontal beam Width of 22 degrees for the 
HG2418P antenna. FIG. 3(d) side vieW 320 shoWs the vertical 
beam Width of 17 degrees for the HG2418P antenna. Looking 
at the antenna from a front vieW 330 in FIG. 3(e) shoWs a cross 
section of the cone formed by the horizontal beam Width and 
vertical beam Width. For HG2418P antenna, the horizontal 
beam Width and vertical beam Width create a resultant cone 
shape Which emanates from the antenna as shoWn in three 
dimensional vieW 340 in FIG. 3(f). 
[0032] As can be seen in FIG. 3(a), FIG. 3(b), FIG. 3(c), 
FIG. 3(d), FIG. 3(e) and FIG. 3(f) the vertical gain pattern and 
corresponding vertical beam are narroWer than the horizontal 
gain pattern and horizontal beam. As described in more detail 
beloW, the horizontal and vertical gain pattern of the 
HG2418P antenna creates a narroW beam as shoWn in FIGS. 

3 (c)-3(f) that bene?ts the location detection method used. The 
narroW beam of the HG241 8P antenna decreases the potential 
locations of the tag on the arc When the tag is read. 

TABLE 1 

Electrical speci?cations of the HG2418P antenna 
from Hyperlink Technologies TM 

Electrical Speci?cations Values 

Frequency 2400-2500 MHZ 
Gain 18 dBi 
Horizontal Beam Width 220 
Vertical Beam Width 170 
Polarization Vertical or Horizontal 
Front to Back Ratio >25 dB 
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TABLE l-continued 

Electrical speci?cations of the HG2418P antenna 
from Hyperlink Technologies TM 

Electrical Speci?cations Values 

Cross Polarization Rejection >25 dB 
Impedance 50 Ohm 

[0033] Design principles and parameters of SAW tags are 
discussed to allow a better understanding of the mechanisms 
by which SAW RFID system operates. Design parameters 
such as delay time "c and the frequency f of the SAW tag 110 
may be varied as discussed in more detail below. A change in 
sensitivity of the SAW tag 110 results in a change in both the 
delay time "c and frequency f of the SAW tag. This is shown in 
Equation 3 and Equation 4, where Sy is the sensitivity of the 
tag. 

Equations 3 and 4 may be used in SAW RFID system design 
to suppress the environmental echoes 220 shown in FIG. 2 
received by the reader from the SAW RFID tag. Effective 
suppression of the environmental echoes 220 requires some 
type of delay time in the processing of the environmental 
echoes. Techniques to create delay time include a) re?ective 
delay time, b) resonator, and c) dispersive delay time. 
[0034] The re?ective delay time technique, as described in 
detail below, adds propagation path delay twice to allow 
smaller tags and is a good choice to obtain the necessary delay 
for the effective suppression of the environmental echoes. 
The resonator delay technique requires that the RF impulse 
spike 210 excites a resonator that is than utilized to control a 
gating mechanism. This gating mechanism is used to delay 
the RF wave re?ection signals 230 in an attempt to ?lter the 
environmental echoes 220. The dispersive delay time tech 
nique uses up-chirp/down-chirp mechanism that, respec 
tively, utilizes high amplitude/ low amplitude sinc signal from 
reader to reduce the sensitivity parameter of the tag. Further 
more, the dispersive delay time technique also bene?ts from 
the Doppler Effect. 
[0035] In the re?ective delay time technique, the changes in 
delay time difference between two re?ected signals y, yo are 
depicted in Equation 5 and Equation 6: 

AT27l:[-c2(y)_1:l(y)]_[T2(yo)_1:l(yo)] (5) 

A"727 1: [T2 0’o)Sy,2-"7i (yo)Sy, 1] A)’ (6) 

[0036] Using the delay differential as related above, it is 
mathematically easy to realize the phase difference A([)2_l at 
the carrier frequency f0, when the system is considered coher 
ent. Equation 7 and Equation 8 are used to exemplify the 
phase difference and the sensitivity of the re?ective delay 
time (referred to as re?ective delay line in Eqn. 7 and Eqn. 8): 

A¢2*l:2nf0A-c2*l :Sydday MBA)’ (7) 

Sydday lineIZ?fo[T2(yo)Sy,2_-cl(yo)Sy,l] (8) 
[0037] Using the equations above, it is easily noticed that 
for a 2.45 GHz center frequency f0 and a delay time differ 
ence of 1.3 us, the sensitivity has a factor of about 20,000 as 
shown in Equation 9. 

sydelay l“11200005, (9) 
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FIG. 2 illustrates use of the re?ective delay time technique in 
removing the RF response including RF wave re?ections 230 
from the environmental echoes by inserting time delay. 
[0038] In accordance with some embodiments of the inven 
tion, the SAW RFID system and method can locate a tag with 
high accuracy using read range and maximum correlation 
parameters. Determination of the read range and maximum 
correlation rely on time-of-?ight, signal strength, signal pat 
tern matching and directionality measurements collected by 
the reader. 
[0039] Time-of-?ight (TOE) may be de?ned as the time 
taken for a signal to travel from point A to point B. In SAW 
RFID system, time-of-?ight f(TOF) is time for RF wave 150 
or 155 to travel one-way from reader antenna 120 to tag 
antenna 150 or vice versa. The time delay 3°(Tag) because of 
the re?ectance of the SAW wave 160 on wave re?ectors 145 
and travel of the RF wave re?ections is a known constant 
value based on the design of the piezoelectric material and the 
re?ectors. Thus, an accurate measurement of the time AT 
taken for the radio frequency wave signal to return to the 
reader from when the impulse spike was sent out will yield a 
precise estimate of the distance between the reader and the 
tag. Equation 10 may be used to determine the one-way 
time-of-?ight from reader antenna to tag antenna denoted by 
function f(TOF). In Equation 10, the total identi?cation 
round trip time AT of the SAW tag can be accurately mea 
sured and the tag time delay function 3°(Tag) is known con 
stant value based on design of piezoelectric material and 
re?ectors. Thus, in Equation 10, subtracting f(tag) from AT 
and dividing by 2 will determine the one-way time-of-?ight 
from reader antenna to tag antenna f(TOF) and estimate of 
distance between reader and tag may be determined. 

[0040] Signal strength is another measurement determined 
by the reader that may be used to calculate the read range and 
maximum correlation. Received signal strength (RSS) may 
be de?ned as the signal strength of the SAW RFID tag 
received at the reader. RSS may be used as an indication of the 
read range in many circumstances. However, because the 
power levels observed by the SAW RFID readers are low, 
RSS measurements are often not highly accurate. Averaging 
may be done of multiple RSS samples to allow for a more 
accurate reading. RSS measurements from the reader may be 
used to explain the skewing problem. The skewing problem 
occurs when the tag skews or slides away from the normal 
incidence of the readers’ antenna. This may occur because the 
height of the reader and the SAW tag are different from each 
other. As described in more detail below, when the skewing 
problem occurs, the RSS measurement at the reader changes 
signi?cantly with high repeatability. For the skewing prob 
lem, the power of the received signal P, at the receiver can be 
expressed using a modi?ed version of the Friis formula and is 
shown in Equation 11. 

1 1 (11) 

where P, is the received power, P, is the transmitted power, G, 
is the reader antenna gain, G, is the tag antenna gain, 7» is the 
wavelength (c/f), p is the polarization mismatch, N is the 
variation of power before the breakpoint, NB is the increased 
signal loss beyond the breakpoint and R0 is the breakpoint 
distance as depicted in Equation 12. 
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_ 4m, (12) 
R0 - T 

[0041] Where h, is the height of the tag antenna and ht is the 
height of the reader antenna above the surface. Given a speci 
?ed tag turn on power of 0.3 uW, one can successfully esti 
mate the reader to tag distance by using Equations 1 1 and 12. 
FIG. 4 shoWs a graph of received signal strength at reader 
from tag versus reader to tag distance for given tag antenna 
gain range of0.1 dBi to 10.1 dBi. In FIG. 4, the values used in 
equations 11 and 12 for the speci?ed model are P520 dBm, 
G518 dBi, Gt:0.1:1:10.1, f:2.45 GHZ, p:1.0, N:2, NBI4, 
R0:55.2 m, h,:1.3 m and ht:1.3 m. These values are suitable 
for a SAW based RFID system operating in a ?eld environ 
ment and antennas close to the surface. Examining FIG. 4, in 
some embodiments of the invention, a maximum operating 
range for the 6 dBi tag antenna present in the single patch 
antenna may be approximately 28 feet. Further ?eld tests have 
validated this model and proven that a simple signal strength 
measurement could yield tag range accurately in simple envi 
ronments. 

[0042] Signal pattern matching or signal correlation is 
another measurement determined by the reader that may be 
used to calculate the maximum correlation. Signal correlation 
is performed by over-sampling the received radio frequency 
Wave 155. The oversampled values of the RF Wave 155 are 
averaged at the information subsystem connected to the 
reader for the purpose of redundancy. The averaging function 
is performed so as to produce the maximum correlation. 
Maximum correlation may be de?ned as a stringent compari 
son of the ideal tag response as compared to the received tag 
responses. For each SAW RFID tag, the ideal tag response is 
a knoWn constant value. Every deviation from the ideal tag 
response is generally quite unique in nature and is often 
caused by environmental randomness. HoWever, it is noticed 
that the ideal maximum correlation of 1.0 reduces as the tag 
travels further from the reader or aWay from the normal inci 
dence. Thus, these factors should be taken into consideration 
When considering location of the tag. 
[0043] As mentioned above, maximum correlation is a 
stringent pattern matching, done to identify similarities 
betWeen the received tag response and the ideal tag response. 
Determination of maximum correlation takes into account 
received signal strength and, to a limited extent, other envi 
ronmental factors. Maximum correlation also gives informa 
tion on the comparative distance of the tag from the line-of 
sight (LOS) of the reader (see FIG. 5) and also the relative 
speed of the tags movement. If the tag moves in the same 
direction as the reader and at a higher angular velocity than 
the reader, the Width of the impulse spike sent by the reader is 
perceived to be smaller than expected by the tag. The maxi 
mum correlation calculation takes into consideration the ini 
tial conditions of the tag and also the reader movements. This 
is because the tag velocity vectors normal to the LOS of the 
reader need to be considered along With initial conditions. 
[0044] In accordance With some embodiments of the inven 
tion, the tag location may be regarded as a probability arc 
around the reader. The probability arc may be de?ned by the 
maximum correlation and reader LOS as Well as reader move 
ment because the reader is rotating counter-clockwise (see 
FIG. 5). The probability arc alloWs the assumptions that the 
tags pattern is knoWn and that the environment is someWhat 
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ideal. Experiments tend to shoW that although the environ 
ment does play some role, maximum correlation values are 
fairly consistent. Equation 13 is used to model the probability 
Pmg that the tag is at a point in 2D space given it Was read With 
a certain maximum correlation value: 

Where, MC is the maximum correlation of the tag. Using this 
and the TOP information to calculate the range, the analysis is 
conducted to shoW the probability arc for a system normal 
iZed for a reader moving With 360 degree counter-clockwise 
rotation. 

[0045] Directionality measurements collected by the 
reader may be used to calculate the read range and maximum 
correlation. The directionality of the tag and reader depends 
largely on the tag and reader antenna characteristics and 
properties. Thus, for example, a linearly polariZed antenna as 
shoWn in FIGS. 3(a)-3(c) is far more directional than a cir 
cularly polariZed antenna. Similarly, a monopole or dipole 
antenna is far less directional than a patch or double patch 
antenna. As the directionality of the tag and reader antennas 
are ?xed properties, directionality may not be varied for 
active location of the tag. Active tag location methods cause 
changes in variables in real time for accurate information 
collection during real -time tag location efforts. Directionality 
measurements of the tag and reader are passive location tech 
niques. As used in SASR system and method, directionality 
measurement is used to simplify the tag location problem. A 
linearly polariZed antenna With knoWn beam Widths is used in 
a vertical orientation as shoWn in FIGS. 3(a)-3(c) for the 
readers’ antenna. For the tag, a single patch antenna is used to 
implement passive location techniques. 
[0046] Turning noW to FIG. 5, in accordance With some 
embodiments of the invention, a schematic of a single antenna 
single reader (SASR) system for locating SAW RFID tag 520 
is shoWn. FIG. 6, in accordance With some embodiments of 
the invention, shoWs a ?owchart of single antenna single 
reader (SASR) method for locating SAW RFID tag. In accor 
dance With some embodiments, the method of FIG. 6, 
described in detail beloW, determines read measurements 
from the tag 520 as the reader antenna 510 rotates counter 
clockWise 530 around a normal 540 at a constant angular 
velocity. The read data measurements obtained from the SAW 
tag 520 are compared With a stored pattern in information 
subsystem connected to the reader 510 to calculate maximum 
correlation. 

[0047] As shoWn in FIG. 5, the single antenna single reader 
(SASR) has one reader antenna and one reader to track all of 
the tags in the ?eld. As described above, the SASR method 
uses time-of-?ight (TOE), received signal strength (RSS), 
maximum correlation and passive directionality measure 
ments to determine the location of the tag. Because RSS 
varies With the environment, accurate determination of tag 
location uses maximum correlation and TOP in combination 
With RSS measurements. The SASR system shoWn in FIG. 5 
can determine Within a feW tens of centimeters the location of 
the tag along a semicircular arc at a range r from the reader 
With high probability (see discussion above). Using RADAR 
techniques, the readers’ 510 angle relative to normal 540 may 
be varied as shoWn in FIG. 5 to determine the location of the 
tag in the arc in real time With high accuracy. In accordance 
With some embodiments of the invention, rotation of the 
reader is done in a counter-clockwise circular direction and 
may cover any rotation angle up to 360 degrees. 
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[0048] The ?owchart of FIG. 6 for single antenna single 
reader (SASR) method locates the tag by performing multiple 
tag measurement data reads and determining if the read is 
above a threshold. Read ratio may be de?ned as the ratio of 
the actual reads that are successful for every thousand read 
attempts. In accordance With some embodiments of the inven 
tion, the reader is assumed to have a read ratio of 1.0 at LOS 
(FIG. 5) and Zero elseWhere. Thus, the tags are assumed to be 
normal to the LOS so that the tag faces the reader antenna. 

[0049] In accordance With some embodiments, one goal of 
the SASR method is to locate the tags at any given time With 
a single reader. Thresholding of each read measurement 
alloWs the SASR method to be robust to noise and other 
external disturbances. The SASR method is implemented for 
tWo cases of 1) tag is stationary While reader antenna rotates 
at a given angular velocity and 2) tag in motion While reader 
antenna rotates at a given angular velocity. 

[0050] In the case of a stationary tag While reader antenna 
rotates at a given angular velocity, the tag is stationary for a 
substantial amount of time or ?xed to a particular location. 
The reader antenna has a clear line-of-sight (LOS) of all the 
tags in its space. The reader performs a tag measurement by 
transmitting an impulse spike and receives the return SAW 
RF Wave re?ections from the tag. The information subsystem 
connected to the reader compares the received SAW Wave 
re?ection pattern of the tag to the ideal pattern stored for the 
tag in the information subsystem. Comparison of the tWo 
patterns gives the maximum correlation value Which is used 
for identi?cation of the tag. The error probability of locating 
the tag decreases as the value of the maximum correlation 
increases. The tag can be located With the highest accuracy 
When the maximum correlation value is 1.0 or higher. At 
maximum correlation value of 1.0 or for tag measurements 
Where the maximum correlation is highest, the location of the 
tag is recorded and its coordinates stored for future reference. 

[0051] For the case of a tag in motion While reader antenna 
rotates at a given angular velocity, the tags that are in motion 
With higher velocity vectors normal to the LOS than the 
readers’ angular velocity are evaluated the same as stationary 
tag case. If the tags in motion have loWer velocity vectors 
normal to the LOS than the reader’s angular velocity, then the 
thresholding technique shoWn in FIG. 6 may be used. A 
parameter called the read threshold is de?ned by the user. The 
read threshold may be adaptive based on the environment or 
application-thus, a high read threshold may reduce errors but 
only Work in a noise free environment. As shoWn in block 
615, if a ?rst tag measurement read has a maximum correla 
tion value above the read threshold, the ?rst tag measurement 
read is stored as a valid read by the information subsystem 
and the location of the tag is recorded 620. Another tag 
measurement read starts again in block 605. If hoWever the 
tag measurement read has a maximum correlation value 
beloW the read threshold, the reader Will initiate a second tag 
measurement read 63 0. If the second tag measurement read is 
not acquired Within a set period of time, the tag measurement 
read is considered a ghost read 635 and it is ignored. If the 
second tag measurement read has a maximum correlation 
value above the read threshold 640, the ?rst tag read is dis 
carded and the second tag measurement read is stored as a 
valid read by the information subsystem and the location of 
the tag is recorded 645. After recording of the location of the 
tag 645, another tag measurement read starts again in block 
605. 
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[0052] If the ?rst tag measurement read and the second tag 
measurement read have maximum correlation values beloW 
the read threshold, the maximum correlation values of the tWo 
reads are compared 650, 660, and 675 to predict the side 
locations of the tag relative to the reader on the arc. Using a 
variant of Equation 13, a valid prediction can be made as to 
the location of the tag 655. After prediction of the location of 
the tag 655, another tag measurement read starts again in 
block 605. If, hoWever, the maximum correlation values of 
the tWo tag measurement reads are equal 660, a third tag 
measurement read attempt is initiated 665. If the third tag 
measurement read is not acquired Within a set period of time, 
the third tag measurement read is considered a ghost read 685 
and a third read is reattempted 665 . After a successful third tag 
measurement read, the maximum correlation value of the 
third tag measurement read is determined. If the maximum 
correlation values of all three tag measurement read attempts 
are the same 680, the tag location is recorded based precisely 
on Equation 13 670. Another tag measurement read starts 
again in block 605. Finally, if the maximum correlation value 
of the third tag measurement read and second tag measure 
ment read are not the same, then the second tag measurement 
read is performed again 630. The method of FIG. 6 alloWs a 
true tWo-dimensional location of the SAW RFID tag by 
implementing RADAR techniques and a rotating antenna 
system. 
[0053] Turning noW to FIG. 7, SASR system 700 for locat 
ing SAW RFID tags 715, 720, and 730 in a large room is 
shoWn. The large room has dimensions of 50 ft by 80 ft. 
Reader 710 is placed in the large room 25 ft from the side 
Walls and 10 ft from the back Wall. A tag is placed at varying 
distances, ranging from 2.8 ft to 12.4 ft, along the reader’s 
normal (vertical direction), also referred to as the reader’s line 
of sight. For the implementation shoWn in FIG. 7, the reader 
is left stationary While the tag is moved. A complete test, as 
described beloW, is conducted before moving the tag to a 
different distance (tag-reader separation). For each test, the 
tag is initially placed along the readers ’ normal for a particular 
distance, ex. 2.8 ft. and 1000 reads are conducted at that 
location. The maximum correlation, received signal strength 
(RSS), the read range 740, and the amount of actual reads for 
every thousand read attempts (readability ratios) are 
recorded. The tag is then moved one foot at a time on the right 
side (i.e. 1 ft right of the original location) referred to as the 
skeW distance 750 and the test is repeated. The tag is moved 
(distance betWeen 2.8 ft to 12.4 ft along reader’s normal) and 
the test repeated until it is no longer Within the read range of 
the SAW reader. Similarly, the experiment is repeated for the 
left side. FIGS. 8(a)-8(d) present detailed experimental 
results for the read range, maximum correlation, RSS and 
readability ratios. As described beloW, FIGS. 8(a)-8(d) shoW 
that the use of maximum correlation yields higher accuracy 
tag location than using received signal strength and readabil 
ity ratios alone, even in ideal conditions. 

[0054] In FIG. 7, the sampling range 760 may be de?ned as 
the distance betWeen the tag and the reader at normal inci 
dence 765. For each test, the sampling range is continuously 
increased betWeen 2.8 ft to 12.4 ft to account for various 
distances of the tag from the reader. SkeW 750 may be de?ned 
as the degree from Which the tag is moved aWay from the 
line-of-sight normal incidence 765. SkeW 750 is measured in 
feet and has a positive or negative component. Read range 740 
is determined by the reader 710 and information subsystem 
(not shoWn in FIG. 7) coupled to the reader 710 and is mea 
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sured in feet. Read range 740 is determined using the time 
of-?ight information and is recorded for every combination of 
skeW 750 and sampling range 760. 
[0055] FIG. 8(a) shoWs a graph of read range 740 in feet 
plotted against skeW 750 in feet for different sampling ranges 
760 for SASR system of FIG. 7. As can be seen in FIG. 8(a), 
there exists a trend that shoWs the read ranges 740 increment 
ing as the skeW 750 increases for each sampling range 760. 
This increase in read range 740 may be observed because an 
increase in skeW 750 as depicted in FIG. 7 relates to an 
increase in tag-reader separation. 
[0056] Turning noW to FIG. 8(b), a graph of maximum 
correlation plotted against skeW 750 in feet for different sam 
pling ranges 760 for SASR system of FIG. 7 is shoWn. Note 
that anomalies exist (maximum correlation greater than 1.0) 
for the near ?eld (2.8 feet and 3.7 feet) read range. For 
sampling ranges of 2.8 feet and 3.7 feet and for loW skews, 
maximum correlations of above 1.0 are observed. This is 
because at strong signal matching, amplitude is a large con 
tributor in maximum correlation calculation. At loW skeWs 
and loW sampling ranges (2.8 feet and 3 .7 feet), the amplitude 
of the received signal from the tag tends to be stronger than 
expected. This causes the maximum correlation to shoot 
beyond 1.0. Notice that the trends for the maximum correla 
tion are exponential in nature and therefore Would yield 
higher accuracies especially for LOS identi?cation method. 
[0057] Referring to FIG. 8(c), a graph is shoWn of received 
signal strength (RSS) in dB plotted against skeW 750 in feet 
for different sampling ranges 760 for SASR system of FIG. 7. 
Similar to the maximum correlation plot shoWn in FIG. 8(b), 
the RSS plots give a good indication of the tag LOS. HoWever, 
notice that unlike the maximum correlation plot of FIG. 8(b), 
the RSS plots of FIG. 8(c) are not exponential in nature. The 
RSS plots are logarithmic in nature and therefore are less 
accurate then the maximum correlation plots. Furthermore, 
the received signal strength is knoWn to be highly susceptible 
to environmental changes. 
[0058] Turning noW to FIG. 8(d), a graph of readability or 
read ratio plotted against skeW 750 in feet for different sam 
pling ranges 760 for SASR system of FIG. 7 is shoWn. As 
described above, read ratio or readability may be de?ned as 
the ratio of the actual reads that are successful for every 
thousand read attempts. In accordance With some embodi 
ments of the invention, readability may not be used to locate 
a tag. HoWever, as can be seen in FIG. 8(d) the plot of read 
ability versus skeW folloWs a predictable trend and has some 
resemblance to the RSS plot. Thus, in accordance With some 
embodiments of the invention, the readability plot may be 
used as a further check on the RSS, maximum correlation and 
read range values. For example, for a set of tag measurements, 
if the read ratio becomes small, than this may indicate that the 
tag is moving aWay from normal incidence 765. In such 
circumstances, as shoWn in the ?owchart of FIG. 6, the num 
ber of tag measurements may need to be increased for higher 
accuracy of read range, RSS, and maximum correlation val 
ues used in determining tag location. Thus, the read ratio may 
function as a check on RSS, maximum correlation and read 
range values that ensures the location of the tag is success 
fully determined. 
[0059] FIG. 9 shoWs four charts illustrating location deter 
mination of a tag using SASR system and method. Each chart 
is for one tag read measurement received by the reader 710. 
The SAW RFID tag is stationary While reader antenna rotates 
at a given angular velocity. Arcs 905, 910, 915, and 920 are 
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estimates calculated as described above indicating the prob 
ability that the tag is present along a point in the arc for the 
maximum correlation values obtained. As can be seen from 
FIG. 9, as the maximum correlation decreases, the probability 
that the tag exists at the reader’s current LOS location 
decreases tremendously. This produces a much longer arc for 
Where the tag may be located. Thus, for a reader to tag maxi 
mum distance of 10 meters and a maximum correlation read 
of 0.9, the model presented Works Well to describe the accu 
racy of tag location Ax and can be estimated using Equation 
14. 

tag 

As compared to 10 meters, an error of 3.17 cm is small. In 
Equation 14, the reader antenna’s vertical beam-Width is 17 
degrees. 
[0060] Tags may be attached to objects that are exposed to 
large vibrational stresses. The effect of vibration stress on the 
tag may cause errors in determining the location of the tag. 
Table 2 shoWs the vibration stress spectrum from 10 to 500 HZ 
on vertical axis (Z-axis), transverse axis (x-axis), and longi 
tudinal axis (y-axis) of objects being transported by truck 
over United States highWay. The vibration stress spectrum is 
derived from MIL STD 810E, Table 5143C and extends to 
2000 HZ. 

TABLE 2 

Vertical Transverse Longitudinal 

HZ gZ/HZ HZ gZ/HZ HZ gZ/HZ 

10 0.01500 10 0.00013 10 0.00650 
40 0.01500 20 0.00065 20 0.00650 

500 0.00015 30 0.00065 120 0.00020 
1.04 g rrns 78 0.00002 121 0.00300 

79 0.00019 200 0.00300 
120 0.00019 240 0.00150 
500 0.00001 340 0.00003 

0.204 g rrns 500 0.00015 
0.740 g rms 

[0061] FIG. 10(a) shoWs graph of maximum correlation 
and readability versus frequency With application of vibra 
tional stress on RFID tag from travel on highWay truck (Table 
2). Stress is applied to the vertical Z-axis of the tag from 10 to 
500 HZ using the stress results from Table 2 to simulate 
motion on a truck. A set of tag read measurements are per 
formed to determine maximum correlation and readability for 
the Z-axis as shoWn in FIG. 10(a). Similarly, stress is applied 
to the transverse x-axis of the tag from 10 to 500 HZ using the 
stress results from Table 2 to simulate motion on a truck. A set 
of tag read measurements are performed to determine maxi 
mum correlation and readability for the x-axis as shoWn in 
FIG. 10(a). Lastly, stress is applied to the longitudinal y-axis 
of the tag from 10 to 500 HZ using the stress results from Table 
2 to simulate motion on a truck. A set of tag read measure 
ments are performed to determine maximum correlation and 
readability for the y-axis as shoWn in FIG. 10(a). In FIG. 
10(a), vibration on the x-axis, y-axis, or Z-axis does not affect 
the readability of the system, the readability is maintained at 
1.0 (or 100%). 
[0062] FIG. 10(b) shoWs graph of maximum correlation 
and readability versus frequency up to 2000 HZ With applica 
tion of vibrational stress on RFID tag from travel on highWay 
truck (Table 2). Stress is applied to the vertical Z-axis, trans 
verse x-axis, and longitudinal y-axis of the tag from 10 to 
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2000 HZ using the stress results from Table 2 (up to 2000 HZ 
not shown) to simulate motion on a truck. A set of tag read 
measurements are performed to determine maximum corre 
lation and readability for the three axes as shoWn in FIG. 
10(b). In FIG. 10(b), as in FIG. 10(a), vibration on the x-axis, 
y-axis, or Z-axis does not affect the readability of the system, 
the readability is maintained at 1.0 (or 100%). FIG. 10(a) and 
FIG. 10(b) indicate that vibrational stress for any frequency 
between 10 HZ and 2000 HZ has no effect on the performance 
of the SAW RFID system. 
[0063] While the present invention has been described With 
respect to a limited number of embodiments, those skilled in 
the art Will appreciate numerous modi?cations and variations 
there from. Thus, in accordance With some embodiments of 
the invention, the SAW RFID real time location system using 
a single antenna single reader may be modi?ed to locate a tag 
in 3-dimensional (3D) localiZation system. Such a system 
may determine the location of the tag by separating the 3D 
space into tWo 2D spaces and calculating the tag location in 
each of the 2D spaces as described above. It is intended that 
the appended claims cover all such modi?cations and varia 
tions as fall Within the true spirit and scope of this present 
invention. 
What is claimed is: 
1. A method for locating a tag, comprising: 
transmitting an interrogation signal from a reader With a 

single antenna to the tag, Wherein the single antenna is in 
motion; 

receiving a response signal at the reader from the tag; 
determining the range of the tag from the reader; 
determining the received signal strength (RSS) of the 

response signal at the reader from the tag; 
determining the maximum correlation of the response sig 

nal at the reader from the tag; and 
determining the location of the tag using range of the tag 

from the reader, received signal strength and maximum 
correlation of the response signal. 

2. The method of claim 1, Wherein the interrogation signal 
is an impulse spike or ramp signal. 

3. The method of claim 1, Wherein the single antenna 
rotates at an angular velocity. 

4. The method of claim 1, Wherein determining the range 
comprises: 

determining roundtrip time of ?ight from transmitting 
interrogation signal to receiving the response signal; 

subtracting tag time delay from roundtrip time of ?ight, 
Wherein the tag time delay is a knoWn value from design 
of tag; 

calculating the one-Way time of ?ight from reader to tag by 
dividing by tWo the result of subtracting tag time delay 
from roundtrip time of ?ight; and 

multiplying the one-Way time of ?ight by velocity of radio 
frequency signal to determine the range of the tag from 
the reader. 

5. A machine-readable medium that provides instructions, 
Which When executed by a machine, cause said machine to 
perform operations of locating a tag comprising: 

transmitting an interrogation signal from a reader With a 
single antenna to the tag, Wherein the single antenna is in 
motion; 

receiving a response signal at the reader from the tag; 
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determining the range of the tag from the reader; 
determining the received signal strength (RSS) of the 

response signal at the reader from the tag; 
determining the maximum correlation of the response sig 

nal at the reader from the tag; and 
determining the location of the tag using range of the tag 

from the reader, received signal strength and maximum 
correlation of the response signal. 

6. The machine-readable medium of claim 5, Wherein the 
interrogation signal is an impulse spike or ramp signal. 

7. The machine-readable medium of claim 5, Wherein the 
single antenna rotates at an angular velocity. 

8. The machine-readable medium of claim 5, Wherein 
determining the range comprises: 

determining roundtrip time of ?ight from transmitting 
interrogation signal to receiving the response signal; 

subtracting tag time delay from roundtrip time of ?ight, 
Wherein the tag time delay is a knoWn value from design 
of tag; 

calculating the one-Way time of ?ight from reader to tag by 
dividing by tWo the result of subtracting tag time delay 
from roundtrip time of ?ight; and 

multiplying the one-Way time of ?ight by velocity of radio 
frequency signal to determine the range of the tag from 
the reader. 

9. A system for locating a tag, comprising: 

a reader; 
a reader antenna operably coupled to the reader, Wherein 

the reader antenna is in motion; 
a tag operably coupled to the reader antenna, said reader 

transmitting an interrogation signal to the tag and receiv 
ing a response signal from the tag; 

Wherein the reader determines the range of the tag from the 
reader, received signal strength (RSS) of the response 
signal at the reader from the tag, and the maximum 
correlation of the response signal at the reader from the 
tag; 

Wherein the reader determines the location of the tag using 
range of the tag from the reader, RSS, and maximum 
correlation of the response signal. 

10. The system of claim 9, further comprising a tag antenna 
operably coupled to the reader antenna. 

11. The system of claim 10, Wherein the tag antenna is a 
patch antenna. 

12. The system of claim 9, Wherein the reader comprises an 
information subsystem. 

13. The system of claim 9, Wherein the tag comprises an 
interdigital transducer (IDT) operably coupled to the tag 
antenna, and a series of Wave re?ectors operably coupled to 
the IDT. 

14. The system of claim 9, Wherein the reader antenna has 
a horiZontal beam Width of 22 degrees and vertical beam 
Width of 17 degrees. 

15. The system of claim 9, Wherein the reader antenna 
rotates at an angular velocity. 

16. The system of claim 9, Wherein the tag is unpoWered. 

* * * * * 


