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2-D Localization and Identification Based on
SAW ID-Tags at 2.5 GHz

Thomas F. Bechteler and Hisni Yenigiin

Abstract—An identification and localization system based on
surface acoustic wave (SAW) radio sensors is presented in this
paper. This system is able to identify and localize objects within
a two-dimensional area. Identification is done with a fixed coded
passive SAW identification-tag. Localization is done with three
recelving antennas and with a following analysis of time delay
between the sent interrogation signal and the received signals. —
For practical tests, a special interrogator has been established, as “ — ” I I
well as the recelving and demodulation unit. The whole system is ACF
controlled by a computer.

antenna

SAW ID-Tag

Q
Index Terms—I dentification, localization, RF identification-tag @;\e:;f
(ID-tag), surface acoustic wave (SAW). W% t ¢
I. INTRODUCTION Fig. 1. ldentification with means of correlation.

N RECENT years, the investigation of surface acoustic wave
(SAW) devices shows a variety of applications. SAW devices II. I DENTIFICATION

are used as sensors [1]-{3], where special manufactured .SAV\fhe idea is to identify several objects that are located in an
chips can, for example, detec_t gases an(_j measure velocnyapéa_ Hence, the correlation method for the coded SAW ID-tag
pressure. They are also used n W|_r_eles_s identification SYStefifsed. Hereby the ID-tag is interrogated with the time inverse
[4], [5], where so-called SAW identification-tags (ID-tags) argy jiq impulse response [8]. The SAW ID-tag retransmits the
ufsed 0 |Id(-1_nt|fyhobjetc):ts. In.ter allg, thed|d2nt|f|cat|o|r|1 W|thr:nea orrelated signal. If the matched filter condition is fulfilled, the

ot corre ation, has been investigated [6], as well as the MYkiransmitted RF-signal shows an autocorrelation peak, as de-
t|ple access problem [7]’ (8], gll SAW dewce; W'th.the San\gicted in Fig. 1. Only that SAW ID-tag responds with a high
distance to the transceiver unit. An interrogation unit for SA mplitude, which is interrogated with its time-inverted impulse

radio transponder systems was presented in [5]. In what fOllo"\@'sponse and meanwhile, the other ID-tags show a far lesser re-
a new application of SAW ID-tags is presented. The new aspey ' '

o i . . A ] ) f)tonse amplitude.

in this study is to combine the identification with the localiza- Therefore, the code of each object within the observed area

tloln ct);objectstln af[wo—dlmelnds.llc?nal ﬁ'D) ?re?' t h must be known. For a clear identification, it iS necessary to

e e e ey et ek the nererence . Special codes e require, whih
: ovide a high orthogonality, as shown in [7]. On a computer,

were presented in [9]-[11]. These systems are based on RF- I‘i” 9 9 'y wn in [7] bu

. . . odes of participating objects are stored in a database. The
RADAR SEnsors, which use special m_qdullated RF signals. gmputer sends in each request cycle the time-inverted code se-
many robotic systems the global positioning system (GPS) Tience of one object. After a delay time, it receives the auto-
implemented to determine their position, as in [12] and [13] ’ ’

: rrelation peak of the targeted object, as well as pseudonoise
Other systems are based on sonar sensors [14], [15] by which $?he otherpobjects Fig gshows {[he measured rgflections of
environment is scanned to define the position. Optical systeBnr?e . ’

were used in [16]-{18] to localize a moving object. |_h:mmyWergwitzerland. The tags used here show the reflected impulses

LAjIEF; ;)hr video ster:orrs] I\Tp:ﬁmerr:s]d gr:;h:etﬁbjezts- s b iﬁ\t discrete time positions in a raster of 25 ns. This requires a
ot these systems have in common that Ihe ObECts bEIRG i m pandwidth ofB = 40 MHz to separate two directly

localized need a power supply. On the contrary, the SAadjacent placed impulses. All signals were measured with this

ID-tag is working completely passive and, therefqre, needs_ Bndwidth. However, due to the ID-tag manufacturing process,
power supply. Furthermore, the SAW ID-tags are tiny and, wi position accuracy of each impulse in this raster is better than

a proper housing, robust against environmental influences SUCH & s

as stress, humidity, and magnetic and electric fields. . :
y 9 The SAW ID-tag was fed with a 50+ source. For this mea-

_ _ _ surement, a simple matching network consisting of one reactive
Manuscript received September 3, 2002; revised December 4, 2002.  element was used to reduce the insertion loss of the tag. With this
The authors are with the Faculty of Engineering and Natural Sciences, hi K di . £20 hi d

Sabanci University, TR-34956 Orhanli-Tuzla, Turkey. matching network, a standing-wave ratio of 2.0 was achieve

Digital Object Identifier 10.1109/TMTT.2003.810142 and the insertion loss of the filter is measuredto= 30 dB.
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Fig. 2. Measured reflections of an SAW ID-tag. Fig. 4. Cross-correlation signal of another SAW ID-tag.
10 ———————————————— and the exiting of the reflected autocorrelation peak from the
oo 9 _ > B = 40MHz _ SAW chip is defined here a5; aw and measured to be 2.3.
I autocorrelation peak ] For comparison, another SAW ID-tag is being interrogated
08 3 with the same interrogation signal.
g o7 | e Due to a different code, the cross-correlated signal shows
T o6 b 3 only subpeaks with a lower amplitude, as seen in Fig. 4. For
2 o : subpeaks 1 the investigation of the multiple access problem later on, the
o 05 [ 3 . . .
R 1 Autocorrelation Peak amplitude to theCross correlation
£ 04 3 3 subpeak amplitudeRatio is being introduced, which is ab-
® o3 F 3 breviated asAPCPR. With the ID-tags presented here, the
o2 F ] APCPR has a value of two.
: ] Both ID-tags show the same insertion loss and were normal-
01 [ - . . . . .
b 1 ized with the same factor. The power of the interrogation signal
99000 o 3000 “S00 Was also the same for both tags. This means that both ID-tags
time [ns| had the same distance to the transmitter and receiver.
_ o _ All measurements shown were done at room temperdtute
Fig. 3. Autocorrelation signal retransmitted by the SAW ID-tag. 20 °C. The ID-tag was tested in the temperature range fré@ 0

to +40 °C, whereas the temperature coefficient of the ID-tag

Later on, the antenna for the SAW ID-tag was designed in tH4@STK = —75 ppm/K, given by the manufacturer. Within this
way that its impedance made the matching network dispensaffghperature range, the time shift of the correlation peak was less

At the timet = 0 s, the interrogation impulse is seen. Aftethan 500 ps. The amplitude decreased hereby with less than 1%,
the delay time of exactlfue.y = 1.2 us, the reflected impulse and theAPC PR was not affected.
sequence starts and lastsq. = 1.0 us for all SAW ID-tags
used here. The reflective delay time of the SAW ID-tag is im-
portant for a clear identification and also for the localization. lll. L OCALIZATION
Within this delay time, the environmental echoes of the trang-
mitted signal have ceased and the demodulator, gated during thi
reflective delay time, evaluates the reflected impulse sequence-or the nonambiguous localization of an object in a specified
With this kind of SAW ID-tag, five peaks at certain time posi2-D area, at least three receiving antennas are necessary. Fig. 5
tions in a raster of 25 ns define the coding. The SAW ID-tag &hows one possible constellation of antennas, whereas the re-
interrogated with the time inverse of its impulse response andiving antenna 1 is in the same place as the transmitting an-
retransmits the autocorrelated signal, as shown in Fig. 3. Tiemna. The position of the object is defined by the coordinates
power amplitude is presented in linear scale and has been r@t-¢) with the transmitting antenna as the origin. The locus of
malized. constant distancé; = r + r; (i = 1, 2, 3) of one pair of an-

The impulses of the interrogation signal are generated wignnas is an ellipse, whereas each antenna lies in one focus of
an RF switch. Each pulse has a width of 20 ns, whereas the fise corresponding ellipse. The point where all three ellipses are
and fall times due to the RF switch ate= #; = 10 ns. Also intersecting is the position of the requested object.
here, the bandwidth waB = 40 MHz. The correlation process To calculate each ellipse, the coordinates of each receiving
begins aftet ey = 1.2 us and lasts unt¢..qe = 2.0 us. The antenna must be known, whereas the transmitting antenna lies
time between the entering of the pulse sequence to the SAW cimighe origin. Herefore, a calibration of the system has to be

SPr| nciple
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- ~ . field of a_special programmed FPGAs use_d _[19]—[21]. With suc_h a de-
receiving N J/ observation ViC€, the time could be measured within an absolute precision of
antenna 3 |} +200 ps at room temperatufé = 20 °C. This corresponds to
\ a position accuracy at6 cm. For the temperature range from
R \ 0 °Cto+40 °C, the accuracy decreaseditd00 ps [21], which
corresponds to a position accuracydef2 cm.
) ~ | object (SAW ID-Tag) The system bandwidth has to be wide enough to detect two
3 . adjacent code pulses on the ID-tag. Since the timer module
is triggered at the rising edge of the impulse and not by the
pulsewidth, the system bandwidth is not limiting the position
accuracy as long as this bandwidth is being kept constant over
time. As mentioned in Section Il, the position accuracy of each
- | — code pulse onthe SAW ID-tag is better thaB00 ps, which can
o b receiving ! e interpreted as the tag bandwidth. This time accuracy results
RN -7 in a position accuracy of£15 cm.

Furthermore, the error of the antennalocation effects the posi-

Fig. 5. Localization of an object. tion accuracy. This error, determinedt®.5 cm, is far smaller
than the error due to the time measurement and is, therefore,
MEASU?;EE'IFFMEI DELAYS negligible. . . .

In a closed environment, the retransmitted correlation peak
causes echoes like the sent interrogation signal. These echoes
always go through a longer distance to the receiving antennas
than the direct signal. Since the timer module is triggered at
Cable 1 (2m) Teable,g = 0.009us the rising edge of the retransmitted signal, the first received im-
pulse is being evaluated. However, when the object is close to
a reflective wall, the delay time difference between the echo
signal and the direct signal is nearly zero. Direct signal and echo
done: known is the time delays,s, caused by the field-pro- are smearing and the width of the evaluated correlation peak is
grammable gate array (FPGA), RF switch, and demodulaigfdening. This causes a reduced time measurement accuracy.
unit. The time delay/saw on the SAW ID-tag and the time Hence, it has to be guaranteed that the delay time difference
delayZan, i due to the cables between each receiving antengigows a value of more than approximately 1 ns to avoid this ef-
and the demodulator is also included in the calibration data. féct. This can be realized, for example, by placing the receiving
Table I, the measured time delays are listed, whereas (1)—43ennas 30 cm away from each wall.
present the ellipse equations, respectively, the circle equationAll objects in an area are interrogated sequentially. The time
in polar coordinates. The signal propagation défay; during between the interrogation of the first and last object is called
the distancel; is the total measured timg,.1,; corrected by the cycle timeT.., ... This cycle time depends on the number of
the calibration data expressed by (4) objects and the size of the observed area. Dominant hereby is

transmitting
antenna

System Tsys = 0.100us

SAW ID-Tag Tsaw = 2.200us

Cable 2,3 (10m) Teable,2 = Tcable,3 = 0.045us

1 the time delaylsaw = 2.2 s of the SAW ID-tag
= 5 dl (1)
1 Tcycle Z - (Td, max T TSAVV + Tsys + Tcable, max T Tcomp)
3 (4-4)
r = 2 (2) =n: (ﬂotal, max T Tcomp) (5)
dy — lycos @
1/ wheren is the number of objectd}ota1 max IS the maximum
—(ds =7 | si | . | . h .
i 3 43 total signal propagation delay, afd...,, is the computation
"= ds + £3 cos(p + 7/2) ) time of the computer to process and store the data. Assuming,
T T T T . for example, ten objects in an area of 83B0 n¥ yields a cycle
di — total,i — LSAW T Lsys T Cable,l7 i— 1’ 2’ 3. time Ochycle ~ 30 US.
o

(4)  C. Maximum Detection Range

In these equations, the parametéfs d., andds are indi- The maximum detection range is described by the following
rectly measured, whereas the distanéesind /3 are directly equation, which is known as tihadar equation [22], [23]. Since
measured, and, is the speed of light in vacuum. the distance between the transmitter and the SAW ID-tag and

the distance; between the SAW ID-tag and the receiving an-
B. Position Accuracy and Cycle Time tenna are not the same, thaglar equation is expressed as

The position accuracy is defined by the accuracy of the cal- )
ibration data and the accuracy of the measured time delay. For A < A ) _ i/ FyGG.G?

(6)

an accurate time measurement with sub-nanosecond resolution, e IL - kT,BF - SNR
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where 500 [N A AL B B T T T T
rer maximum distance product between transmitte 1000 100 Parameter: APCPR
SAW ID-tag and receiving antenna; " a0 .
A electromagnetic wavelength; g
Py transmitted power; 3 300 -
Gy G,  respective gains of the transmitting and receivinqif
antennas; = " |
Gy gain of the SAW ID-tag antenna; ;5 10
IL insertion loss of the SAW device; 5
kIoBF thermal noise power (Boltzmann's constanab- £ " 2 imit value of
solute temperaturg,, system bandwidtii, noise 1
flgure F)' 0 0 10 I ZIO I 3I(: I 4|0 . 5‘0 ‘ 6‘0 ‘ ’:O ‘ SIO I 9I0 100
SNR required minimum SNR to detect the receivel distance product (rr), ofobjectB  [m’]

signal with a specific rate or probability of errors.
The solution of (6) is a fourth-order curv€dssini Oval),
transmitter and receiving antenna at its two foci. The maximum
observation area can be fitted into the area of this curve. The
SAW ID-tag is designed for the frequengy= 2.5 GHz. The in-
sertion loss was measurediio = 30 dB. The maximum trans-

Fig. 6. Maximum distance product relation with the paramet&C P .

TABLE I
MAXIMUM OBSERVATION AREA DEPENDENT ONAPCPR

g . > . APCPR | max. observation area
mitted powerPF, is defined on the one hand by the maximum
input power of the SAW ID-tag and on the other hand by the 2 0.7x0.7m?
maximum admissible radiation [24]. A value 8 = 1 W was 10 2.6x2.6m2
chosen. The transmitting and receiving antennas used here are 00 4 8x4 8m2
patch arrays and have a gain@f = G, ~ 12 dBi. The ID-tag - -
antenna has a gain 6f; =~ 6 dBi. Due to the active receiving 1000 5.7x5.7m?

antennas, the noise figure of the receiving systei is 3 dB,

whereas the bandwidth of the systentis= 40 MHz. An SNR r some givedPCPRs, Table Il presents the corresponding

of 10 dB is required to detect the signal. Based on these dm%lximum observation area that was computed numericall
and for a single request cycle, the product r; is approxi- P Y-

mately 100 mi. This corresponds to a square observation ariana-r0 keep the maximum observation area as large as possible,
of 7 x 7 m?, assuming the antenna constellation in Fig. 5. e APC'PE and, therefore, the co_de length, mu_st Increase.
However, long codes are hardly realizable, as the insertion loss
of the SAW ID-tags will increase.
Another way to identify and localize objects in an as large as
In the presence of several objects, the correlated and retrgmsssible observation area is to introduce different delay times
mitted signals from the ID-tags overlap in time. This is becausg.,,, for every ID-tag. This means that the correlated and re-
the time for the correlation processi(.q.) is much longer than transmitted signals from each ID-tag do not overlap in time.
the signal delay time in free space. There is the case when fiizording to each object, the gate time for the timer module
distancel; of the requested objeg is greater than the distancecan be adjusted. The code length..) can be reduced by this
of the nonrequested objeB. In this case, the in the demodu-adjustment in order to avoid too long delay lines. Equation (8)
lator received power amplitude of the autocorrelation peak cgives the delay time for each object
be lower than the power amplitude of the subpeaks. Hence, the
autocorrelation peak cannot be detected. For a given distance (8)
product(r - ;) of the nonrequested objeB, the maximum . . o
distance productr-r;)a of the requested objedt can be cal- Long delay lines in SAW technology cause large chip sizes

culated. Using (6) yields the relation between the distance préld @lso high insertion losses. The cycle time increases. There-
ucts with theAPCPR as the parameter fore, the number of objects is strictly limited. However, objects

can be traced within the maximum observation area, whereas
the APCPR can be low.

D. Multiple Access

tdelay, n=12 ps—+ (71 - 1) “teode-

(7"7’i)A = \/APCPR M (7"7’i)B- (7)

For a given position of the requested objéctFig. 6 shows IV. SYSTEM
how close the nonrequested objBcto a transmitting—receiving  Fig. 7 schematically shows the whole system. A local oscil-
antenna pair can come so that a detection of the autocorrelatatior at 2.5 GHz together with the RF switch generates the in-
peak is still possible. The requested objdcts situated at the terrogation signal. The RF switch is controlled by an FPGA and
limit value of the observation area of 106 nas shown in Fig. 6. a computer.

EachAPC PR gives the corresponding positions of the nonre- The following amplifier increases the transmitting power to
quested objecB, as denoted by the arrows. Hence, the maxbtain a larger observation area. The transmitting and receiving
imum observation area is reduced by a decreagiiy’ PR. antennas were realized by microstrip-line patch-antenna arrays.
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Fig. 7. Identification and localization system. Fig- 8. Measured delay im;, ; versus the distanag,

TABLE I

The receiving antennas are active antennas to compensate the COORDINATES OF THESAW ID-TAG
negative effects of the long cables between the antennas and de-
modulator. The negative effects are, on the one hand, the losses POSiFion target value
and, on the other hand, the capacity of the cable. By the active . i Yt
antennas, the SNR of the receiving system has been increased L 50 0ent058 | 50 emt0Sem
[25], [26]. Since, for this system, only the magnitude of the re- : )
ceived signal is relevant for detection, the demodulator unit is 2 150.0cmEo5® | 150 gomT0-5m
realized with p-i-n diodes. The timer module, realized by spe-
cial programmed FPGAs [19]-[21], analyzes the received auto- 3 180.0cm 05 30,0 *05em
correlation peaks and compares the time delays. Furthermore,
the timer module is gated individually for each SAW ID-tag in Position measured value
the time domain during the reflective time delBysw. The en- . Fim Yi,m
vironmental echoes are below the level of evaluation that makes 63cm +14em 590 Fiden
the system also applicable in rooms. On the computer, the data ~2en Tem
is being stored and displayed. The path of every identified ob- 2 159cm ti4em 153cm titem
ject can be presented during the observation time.

3 187cmt i 39cm i

V. MEASUREMENTS
A. Accuracy Y : {,=2m
For tests, an area of 2 2 m? has been observed. One SAW  receiving limiting border _ ! Z;‘;::f‘ed

ID-tag was placed at arbitrarily chosen positions and the tim (antenma 3 | Dax.areaof
delays, calibrated with the data given in Table I, have been me. \ | (05x05m)

non-requested

sured. Fig. 8 shows for antenna 1 the measured delayffjme
versus the geometrically defined distanfe The ideal linear
curve (Iy 1 = di /) is plotted as well as the maximum devia- e
tion of +-0.8 ns to this ideal curve. The maximum deviation of o border
the measured points from the ideal curveH8.8 and—0.2 ns,
which corresponds to a distance error-e24 and+6 cm, re-
spectively, when vice versa the time is being measured and tl
distance is being calculated. ;Télsmmi“g
The other measurements for the delay tifie. and 75 3 receiving
show the same deviation. Table 11l shows the target vatugs 1 @
andy;  of the tag position and the measured positiong, and
¥i, m With its deviation.
The position accuracy of the measured values is determined ,
by the intersection region of the min-max ellipses due to te Multiple Access
min—max tolerances of the measured delay tifhg. In this In another test, two SAW ID-tags with different codes and an
table, the given tolerances are the worst case values and AfC PR value of two were placed into the observation area of
slightly greater than those discussed in Section IlI-B. 2 x 2 m?. The requested tag was placed at the positieny =

limiting border [
(antenna 2) 3

receiving
antenna 2

| [

Fig. 9. Maximum observable area for multiple access (two SAW ID-tags).
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L a) evaluated ‘ as shown in [3]. Both the decreasing of the frequency and the
1o corr. peak N evaluation level ] averaging of the signal are at the expense of position resolution.
08~ - - For a further increase of the observation area or the use at
06l ] more complex area shapes, this system can be considered as a
- . unit cell. Several so-called unit cells are matched together to
e 7] cover a larger or more complex observation area. The interfer-
E 021~ = ence between theses unit cells can be kept very low by using
§0A0'| AVAV.AVAIER 1V ALVAZE VAIAAWAVA LY, WA, ] suitable antenna patterns.
= M b) evaluated 1
§ 10~ corr. peak ‘I evaluation level |
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