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ABSTRACT

We discuss the code reading error probability (EP) in the radio

frequency identification (RFID) surface acoustic wave tags

with pulse position coding and peak-pulse detection. EP is

found in the most general form assuming M groups of codes

with N slots each and allowing individual signal-to-noise ra-

tios (SNRs) in each slot. We show that if the RFID tag is

designed such that the spurious responses are attenuated on

more than 20 dB below On-pulses, then EP can be achieved

at the level of 10−8 (one false per 108 readings) with SNR

> 17 dB for any reasonable M and N .

Index Terms— radio frequency identification, surface

acoustic wave, code reading error probability

1. INTRODUCTION

Radio frequency identification (RFID) tags employing sur-

face acoustic waves (SAWs) have found industrial applica-

tions requiring highly reliable ID [1]. Although a prototype,

the familiar optical character recognition known as barcode,

has been in use since 1960s, the first RFID SAW-tags were

invented in 1970s [2] and used since 1980s [3]. In early de-

signs, binary coding was implemented [4] similarly to binary

amplitude shift keying. Today, SAW tag products employ

mostly the pulse position coding (PPC) [1]: the total time de-

lay is divided into groups of slots with one On-pulse in each

group [2, 5]. We find such a design having 2 groups with 4

slots each in [6, 7]. A 5 digit decimal number (10 slots) de-

sign is described in [8] and the design having 6 groups with

16 slots each addressed in [9].

In modern RFID SAW tags with PPC, the identification is

provided employing the peak-pulse detection algorithms [9].

Increased the code length, the problem thus arises similarly

to that in digital communications: the longer the code is the

larger the code reading error probability (EP) is expected.

Since EP strongly depends on noise and the reader power, the

effective reader range is also limited. Although the demand

for small EP naturally arises from customers, the complete

theory of errors in RFID SAW tags is still not addressed. Note

that attempts to specify EP were made in [11] via the thresh-

old and in [9] via the peak-pulse detection.
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Fig. 1. A generalized structure of the RFID SAW-tag with pulse

position coding.

A generalized structure of the RFID SAW-tag with PPC

is sketched in Fig. 1. Here, equal slots of time duration

comparable to 1/B (B is the tag frequency bandwidth, in

Hz) are allocated for responses and the center of each slot

is dashed. Only a unique response (On-pulse) provided by a

single reflector is allowed in each group of slots. The groups

are separated by additional “guard” slots. The code-reflector

array is commonly designed such that the responses have near

equal amplitudes at the reader. The reader time scale is cali-

brated with two reflectors “Start” and “End”. A typical time

response of a tag manufactured to have 6 groups with 16 slots

and allowing for about 1.7 × 106 different codes (24 bits) is

shown in Fig. 2.

Given the RFID SAW tag (Fig. 1), we show below an

exact formula for the code reading EP allowing for individual

signal-to-noise ratios (SNRs) in all On- and Off-pulses.

2. CODE READING ERROR PROBABILITY

The EP can be determined by the ratio of the number of false

readings to the total number of readings. In the mth group of

slots, EP can be defined by the ratio of false reading of the

On-pulse to the total number of reading.

2.1. Error in a Single Group

Consider the mth group of N slots (Fig. 1). Designers try to

create a system such that signal is always larger than noise.

Nature, in turn, may act in an opposite direction so that On-

pulse can suddenly finds itself below noise.

Suppose that the RF On-pulse representing the nth slot in

mth group arrives at the reader with the peak power 2Sn,m.
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Fig. 2. Typical time response of a SAW-tag with PPC manufactured

to have 6 groups with 16 slots each. “Start” and “End” pulses are

used to calibrate time scale.

It is then contaminated by narrowband noise [10] having the

variance σ2
n,m and becomes noisy with the peak-envelope

Vn,m � 0 [11, 12]. We thus introduce the SNR γn,m and

normalized peak-envelope zn,m as, respectively,

γn,m =
Sn,m

σ2
n,m

, (1)

zn,m =
Vn,m√
2σ2

n,m

. (2)

For further convenience, replace On-pulse to the last N th

slot, because its location does not affect errors. Normal func-

tioning of the mth group is implied if On-pulse in the N th slot

exceeds Off-pulses in the remaining ones. The events when

each Off-pulse does not exceed On-pulse can be depicted as

C̄1,m, C̄2,m, . . . , C̄N−1,m. Then the probability of simulta-

neous occurring of these events can be written as

P (C̄m|Υm, zN,m) , (3)

where C̄m = [ C̄1,m, C̄2,m, . . . , C̄N−1,m ] and Υm =
[ γ1,m, γ2,m, . . . , γN,m ], under the condition that zN,m and

Υm are given. In turn, the probability that at least one Off-

pulse exceeds On-pulse (event C̃m) can be found with

P (C̃m|Υm, zN,m) = 1 − P (C̄m|Υm, zN,m) . (4)

We can also assign the probability that On-pulse has the

envelope zN,m (event Dm), given γN,m, as

P (zN,m|γN,m) = P (Dm|γN,m) . (5)

On the other hand, when we speak about On-pulse we

think that it has zN,m with small tolerance ΔZN,m � 1.

Because zN,m is fully determined by the probability den-

sity function (pdf) p(zN,m|γN,m) of the On-pulse envelope,

P (zN,m|γN,m) can thus alternatively be represented as

P (zN,m|γN,m) ∼= p(zN,m|γN,m)ΔzN,m . (6)

EP Pm in the mth group can now be defined by simul-

taneous occurring of C̃m and Dm, meaning that at least one

Off-pulse exceeds On-pulse. Supposing that these events are

independent and utilizing the above-given relationships, we

arrive at

Pem(zN,m, γN,m) ∼= [1 − P (C̄m|Υm, zN,m)]
×p(zN,m|γN,m)ΔzN,m . (7)

To get rid of zN,m, integrate it out in Pem(zN,m, γN,m).
EP for the mth group thus becomes

Pem(γN,m) =

∞∫
0

[1 − P (C̄m|Υm, x)]p(x|γN,m) dx . (8)

Typically, noise in slots is uncorrelated and thus the events

C̄1,m, C̄2,m, . . . , C̄N−1,m are uncorrelated as well. Accept-

ing this, assigning the opposite events when Off-pulse ex-

ceeds On-pulse as C1,m, C2,m, . . . , CN−1,m, and using the

relationships

P (C̄m|zN,m) =
N−1∏
n=1

[1 − P (Cn,m|γn,m, zN,m)] , (9)

where Cm = [C1,m,C2,m, . . . ,CN−1,m], we come up with

the most general form of EP,

Pem(Υm) =

∞∫
0

{
1 −

N−1∏
n=1

[1 − P (Cn,m|γn,m, x)]

}

×p(x|γN,m) dx , (10)

suitable for the mth group of slots with the individual SNRs

in On-pulse and Off-pulses.

2.2. Total Error

Let us get back to Fig. 1 and assign the event of normal func-

tioning of the mth group as Ām, meaning that On-pulse ex-

ceeds all Off-pulses. Otherwise, the event is Am. The proba-

bility of successful code reading can be defined by the proba-

bility of simultaneous normal functioning of all of the groups

as P (Ā1Ā2 . . . ĀM ).
The reader makes mistakes if error occurs at least in one

of the groups. Because errors in groups can appear indepen-

dently, the code reading EP can be defined as

Pe = 1 −
M∏

m=1

[1 − P (Am)] . (11)

Here P (Am) can be substituted with EP (10) in the mth

group and we finally have the code reading EP for the SAW-

tag (12) (see next page).
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Pe(Υm,M,N) = 1 −
M∏

m=1

⎧⎨
⎩1 −

∞∫
0

{
1 −

N−1∏
n=1

[1 − P (Cn,m|γn,m, x)]

}
p(x|γN,m) dx

⎫⎬
⎭ . (12)

3. GAUSSIAN MODEL

In narrowband Gaussian noise environment, the normalized

envelope z of On-pulse has the Rice pdf [11]

p(zn,m, γn,m) = 2zn,me−z2
n,m−γn,mI0(2zn,m

√
γn,m) ,

(13)

where I0(x) is the modified Bessel function of the first kind

and zeroth order. This pdf becomes Rayleigh’s,

p(zn,m) = 2zn,me−z2
n,m , (14)

for Off-pulses formed only by noise. However, it follows

from Fig. 2 that some of Off-pulses can suffer of residual

reflections so that, most generally, (13) should be used to de-

scribe responses of both On- and Off-pulses.

By (13), the probability P (Cn,m|γn,m, zN,m) can be

rewritten as

P (Cn,m|γn,m, zN,m) = Q1(
√

2γn,m,
√

2zN,m) , (15)

where Q1(a, b) is the generalized Marcum Q-function of first

order. Substituting in (12) P (Cn,m|γn,m, x) with (15) and

p(zn,m, γN,m) with (13) gives us EP for the Gaussian noise.

3.1. Basic case

The case of zero SNRs in all Off-pulses and non-zero equal

SNRs in all On-Pulses can be said to be basic or ideal for

RFID SAW tagging. This case implies Rice’s pdf (13) for

all On-pulses and Rayleigh’s (14) for all Off-pulses with z =
zn,m and γ = γn,m. That gives us

p(z, γ) = 2ze−z2−γI0(2z
√

γ) , (16)

P (Cn,m|z) = 2

∞∫
z

xe−x2
dx = e−z2

(17)

and transforms (12) to (18) (see next page) still having no

closed form. Originally, (18) was published in [9].

3.2. Limiting EP

Let us suppose that the SAW-tag responses at the reader with

equal SNRs in all On-pulse and zeroth SNRs in all Off-pulses.

EP of code reading in such a tag can be calculated employing

(18). Because variations in the amplitudes of both On- and

Off-pulses are ignored along with the possible excursions in

some Off-pulses, we call this measure the limiting code read-
ing EP, as corresponding to minimum errors.
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Fig. 3. Code reading EP for RFID SAW-tags. Simulation is de-

picted with © and �, provided 2 × 105 readings for each SNR.

The case of M = 1 and N = 2 is limiting. It gives us the

EP lower bound

Pe(γ, 1, 2) =
1
2
e−

γ
2 Q1(

√
γ, 0) (19)

that cannot be crossed in any design of SAW-tags with PPC.

Figure 3 illustrates (19) as a function of SNR. It also

shows several limiting EPs computed by (18) for tags dis-

cussed in [2, 6–8] and having M > 1 and N > 2. Observing

this figure, one can deduce that the limiting EP of 10−3 (one

false per 1000 reading) can be achieved with SNR of just

14 dB for all reasonable M and N , provided equal white

Gaussian noise in all Off-pulses.

4. READER RANGE

The reader range r (distance between the antenna and SAW-

tag) can now be determined employing the radar equation

[13]:

r =
λ

4π
4

√
Pt,readerG2

readerG
2
tag

LtotalPr,reader
, (20)

where λ is the electromagnetic wavelength, Pt,reader and

Pr,reader are the signal power transmitted and received by
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Pe(γ,M,N) = 1 −
⎧⎨
⎩1 − 2e−γ

∞∫
0

[
1 −

(
1 − e−x2

)N−1
]

xe−x2
I0(2x

√
γ) dx

⎫⎬
⎭

M

. (18)

the reader, respectively, Greader and Gtag are the reader and

tag antenna gains, respectively, and Ltotal is the total loss

of energy in the SAW-tag system including the propagation

losses and SAW attenuation in the tag.

The receiver signal power can be expressed as Pr,reader =
Pnoiseγon(Pe), where Pnoise = kT0BrF is the thermal noise

power, in which k is Boltzmann’s constant, T0 is absolute

temperature, Br is the reader system bandwidth in Hz, and F
is the noise figure. Here, γon(Pe) is the SNR in On-pulses at

the receiver detector. Note that γon(Pe) is specified by (18)

or Fig. 3 for the EP Pe required.

In white Gaussian noise, SNR can be reduced by the fac-

tor of N with multiple reading if one integrates N received

pulses over time [13]. Replacing γon with γon/N and rewrit-

ing (20) in terms of the signal integration time Tint gives us

the reader range as a function of the allowed EP,

r(Pe) =
λ

4π
4

√
Pt,readerG2

readerG
2
tagTint

LtotalkT0Fγon(Pe)
, (21)

in which the typical values are: Greader = 12 dBi, Gtag = 6
dBi, T0 = 300 K, F = 5 dB [14], and Ltotal = 40 dB. For

these values and Pt,reader = 10 mW, the reader range varies

from 5 m to 20 m [2] depending on the reader algorithm, Tint,

and several other factors. Analyzing (21), one can deduce

that, in order to guarantee very low EP at a given power emit-

ted by the reader antenna, it needs obtaining γon > 20 dB.

For this value of SNR, the reader range must be decreased

by the factor of about 3 with respect to the maximal distance

associated with visibly high EP of reader operation.

5. CONCLUSIONS

We have addressed the code reading EP for RFID SAW tag

systems with PPC employing the peak-pulse detection algo-

rithms. The most general conclusion is the following. If the

RFID tag is designed such that the spurious responses are

attenuated on more than 20 dB below On-pulses, as in Fig.

2, then EP of code reading over peak-pulse detection can be

achieved at the level of 10−8 (one false per 108 readings) with

SNR > 17 dB for any reasonable M and N .
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[6] S. Härmä, V. P. Plessky. C. S. Hartmann, and W. Steichen,

“Z-path SAW RFID tag,” IEEE Trans. Ultrason. Ferroelectr.
Freq. Contr., vol. 55, pp. 208-213, January 2008.

[7] Q.-L. Li, X.-J. Ji, T. Han, and W.-K. Shi, “Walsh thresh-

old matched-filtering based anti-collision for surface acoustic

wave tags,” J. Shanghai Jiaotong Univ., vol. 14, pp. 681-685,

2009.

[8] A. Stelzer, S. Scheiblhofer, S. Schuster, and R. Teichmann,

“Wireless sensor marking and temperature measurement with

SAW-identification tags,” Measurement, vol. 41, no. 5, pp.

578-588, June 2008.

[9] V. P. Plessky and Y. S. Shmaliy, “Code reading error prob-

ability estimation for SAW tag systems with pulse position

coding,” Electronics Letters, vol. 46, pp. 1415-1416, October

2010.

[10] Y. S. Shmaliy, “On the multivariate conditional probability

density of a vector perturbed by Gaussian noise,” IEEE Trans.
Inform. Theory, vol. 53, pp. 4792-4797, December 2007.

[11] G. Cerda-Villafaña and Y. S. Shmaliy, “Threshold-based iden-

tification of wireless SAW RFID-tags with pulse position en-

coding,” Measurement, vol. 44, pp. 730-737, April 2011.

[12] Y. S. Shmaliy, O. Y. Shmaliy and O. Ibarra-Manzano, “Drift

errors in passive remote wireless SAW sensing with multiple

DPM,” IEEE Sensor Journal, vol. 9, pp. 774-781, July 2009.

[13] M. I. Skolnik, Introduction to Radar Systems. New York:

McGraw- Hill, 1979.

[14] L. Reindl, A. Pohl, G. Scholl, and R. Weigel, “SAW-based

radio sensor systems,” IEEE Sensors Journal, vol. 1, pp. 69–

78, June 2001.

1700


