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Abstract—This work derives and evaluates single-antenna transmissions. It is remarked that older RFID standariinat
detection schemes forcollided radio frequency identification  attempts considered binary tree splitting methods foiisiot-
(RFID) signals, i.e. simultaneous transmission of two RFIQXags, free tag access, which were later abandoned in Gen2.

following FMO (biphase-space) encoding. In sharp contrasto S . .
prior art, the proposed detection algorithms take explicity into The scientific community has recently attempted to redefine

account the FMO encoding characteristics, including its iherent  the notion of RFID collision, by proposing new receiver
memory. The detection algorithms are derived when error at methods that could withstand simultaneous reception oemor
either or only one out of two tags is considered. It is shown than one tags. Work in [11] is perhaps one of the first
that careful design of one-bit-memory two-tag detection ca ihat yiilized a custom, software-defined radio monitor for
improve bit-error-rate (BER) performaqce by 3dB, compargd to REID si | d tested ti f -Gen? t ith
its memoryless counterpart, on par with existing art for single- signais and tested separation oF non-t:éns tags wi
tag detection. Furthermore, this work calculates the totaltag DBPSK modulation. Work in [12] tested high signal-to-noise
population inventory delay, i.e. how much time is saved when ratio (SNR) detection methods for simultaneous reception o
two-tag detection is utilized, as opposed to conventionakingle- more than one non-Gen2 tags and was based on meticulous
tag methods. It is found that two-tag detection could lead 10 ohsaryation of the in-phase (1) and quadrature (Q) compisnen
significant inventory time reduction (in some cases on the aler of . . .

40%) for basic framed-Aloha access schemes. Analytic callation of the received backscattered S|gn_al, after transmissiom f .
of inventory time is confirmed by simulation. This work could ~More than one tags. Careful modeling of the backscatteo radi
augment detection software of existing commercial RFID red- channel and the received | and Q components were further
ers, including single-antenna portable versions, withoutmajor  exploited in [13] with zero-forcing techniques. Furthemso
modification of their RF front ends. throughput enhancement of framed Aloha was theoretically

Index Terms—RFID, Gen2, FMO coding, collision detection calculated. Multi-antenna detection, based on blind s®urc
separation of zero constant-modulus signals, was propiased
[14] and experimentally validated in [15].

However, the aforementioned techniques above were either

Significant progress has been made since the inventisased on multi-antenna techniques or (even at the case of
and first use of RFID, i.e. transmission of an identificatiogingle-reader antenna) did not exploit the charactesistic
bit string by means of signal reflection rather than actieag transmissioencoding including inherent memory for the
radiation [1]. Today, relevant applications have emerged $pecial case of FMO. Also known as biphase-space, FMO is
various domains, including logistics/inventory managemeone of the two encoding schemes used in Gen2 tags and is
[2], backscatter sensor networks [3]-[5], or even musichtoadly utilized in commercial tags (the other scheme ideMiil
instruments [6], [7]. or biphase-mark encoding).

Anti-collision of RFIDs in the widely-used UHF industry In this work, we explicitly take into account the FMO
standard EPC Class 1 Generation 2 (Gen2, also ISO-registegacoding characteristics, including its inherent memany a
as 18000 —6C) [8] is based on framed-Aloha, i.e. time is spliderive and evaluate single-antenna detection schemes-for s
in frames and each frame in slots; tags randomize their broaaultaneous transmission of two tags. Our developments tlo no
cast to minimize probability of simultaneous transmissidn assume a specific channel (or 1/Q) model and were inspired
more than one tags at a given slot [9], [10]. In other word&om work in [16], which presented BER-optimal detection of
tag collision is harmful only when the RFID reader cannot single FMO-encoded RFID tag. We follow the same signal
detect information from more than one simultaneous tagstraimodel which is validated by experimental measurementgusin
missions. However, Gen2 does not specify reader detectmoustom software-defined radio receiver (sniffer). Speadlfi,
and leaves open the possibility to exploit simultaneous taglization of the magnitude of the in-phase/quadratur@l

signal eliminates the frequency offset between RFID reader
~ Part of this work was submitted to IEEE RFID Technologies amglica-  gn( sniffer. Furthermore, we focus on tag population invgnt
tions Conference (RFID-TA) 2011, Sitges Barcelona, Spain. . . .
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|I. INTRODUCTION
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A a broadband daughterboard tuned3é% MHz; the SDR acts
e e i e s ettty ety Il e as a low-cost Gen2 monitor (sniffer). A SDR-based Gen2
\ monitor was also recently developed in [17]. With custom
software developed throughout this work, conversation be-
Fig. 1. Baseband FMO signal of a single tag. Levels alwaysighat the tween two tags and the read(.:"r was reco.rdEd at the sniffer. The
bit interval. For bit “0,” level also changes at the middletoé bit period. ~ down-converted baseband signal magnitydé?(t) + Q2(t)
at the sniffer (wherel(¢) and Q(¢) represent the in-phase
and quadrature signal components, respectively) is dspict
Contributions of this work are summarized below: in Fig. 2-(a), where it is shown that on top of a DC constant

A. Single-antenna methods that exploit FMO encoding are dbere is encoded information (due to the carrier transthitte
rived for two-tag detection without any specific modelingrom the reader and scattered bf\Ck frpm”the tags).
assumptions regarding the backscatter channel or readefhe signal part depicted as “collision” is magnified and
front end (I and Q components). zero-centered in Fig. 2-(b), which depicts the measured

B. At the physical layer, it is shown how one-bit memory oflownconverted sum of two FMO signals; such “collision”
FMO encoding can be also exploited timo-tag detection corresponds to simultaneous transmission (through batksc
to improve performance by dB, compared to maximum- t€r) during the query phase of the Gen2 protocol, when
likelihood (ML) memorylesstwo-tag detection. Analytic random 16-bit ID information is transmitted by each tag
BER results are confirmed by simulation. (a.k.a. RN16). The above measurement validates the signal

C. At the medium access control (MAC) layer, analytic renodel of [16] followed in this work; furthermore, procesgin
sults are offered regarding tag population inventory deld®f v/1*(t) + Q*(t) eliminates the frequency offset between

reduction (as opposed to throughput) for a basic versié@ader and sniffer. It is noted however that at an ope_rating
of framed-Aloha. Analysis is confirmed by simulation. RFID reader, where the detection methods proposed in this

The single-antenna detection methods of this work cou‘ﬂﬁork could be |m|?lemente(_j, there 'S No frequ_ency offset
petween the reader’s transmit and receive paths (i.e. Huere

be readily applied in multi-antenna commercial RFID reade . :
(e.g. Gen2), especially those that operate in antennatsmitc uses the same oscillator for up- and down-conversion) [18].
' Given that tag transmission (via backscatter) in commeércia

de, without dificati f their RF front end. Furth . .
mode, WIThotlt any mocitication ot teir ront enc. FuUrner ID protocols (e.g. Gen2) is always initiated and directed

more, this work could enhance performance in portable RF?F h d hile the tvpical ¢ h ¢ )
readers, where physical size forbids more than one antennas € reader, while {he typical range of such Systems 1S

(especially in UHF). The proposed methods accelerate tﬂg the order of a few meters and the minimum bit duration

inventory of a given tag population and their performance {% O? the ‘l)lfge; (t)f a few Imltt:rosegondst, t(ﬁne vx{guld exr;)ﬁct
qguantified at both physical and MAC layers. e wo collided tag signals to arrive at the sniffer (or the

Section Il describes the basic assumptions and formulal gdgr) with negllg|ble t_|me dn‘fere_nce compared to_ the bit
uration and aligned bit boundaries. Thus, detecting such

the problem studied in this work. Section Il studies . : 2T .
multitude of memoryless or memory-assisted single-arﬁen%on'ded information is simpler than prior art that addesss

detection methods for simultaneous transmissiotwafEMO- separation of co-channel signals with misaligned bits. For

encoded tags. Section IV analytically calculates the dher% . . .
om the strongest signal, remodulate it and cancel it from

delay (in number of slots) for inventory of many tags as . . .
function of conventional or nonconventional (the lattee art € aggregate recelyed waveform in the_frequency domain and
proposed in this work) reader detection policies. Finallt,en perform detection of the We"?"‘GSt ag_nal (e.g. seeamtey
Sections V and VI offer the simulation results and conclasio orkin [19] and referenc_es ther_em). In this Work, th_e fdﬂHtt
respectively. tags re_spond to reader signals in a slo_tted_ fashion is qabkyollc
taken into account. Furthermore, the bit alignment assiompt

is validated by experimental measurements and the followed
formulation facilitates the exploitation of the inherengmory

In FMO encoding, signal (line) level always changes at thef the FMO line encoding. On the other hand, the amplitudes
bit boundaries. Moreover, signal level changes at the raiddif the received tag signals also depend on the particulasgzha
of the bit period only for bit “0” (while for bit “1” the level of their backscattered carrier (as well as on range fromagad
is kept constant) as depicted in Fig. 1. Thus, encoding ofaad, thus, should be in general different.
single FMO bit requireanemoryof the previous bit so that Indeed, the aforementioned assumptions above are con-
signal levels are modified accordingly at the bit boundarieirmed by measurements. Fig. 2-c depicts how fieasured
Each FMO-encoded bit can be represented as a vector of tsignal looks from two collided FMO tags. Similar measureimen
half-bit constants of the fornia + a]” where sign ofa plots have also appeared in [15], [17], and [20]. One could
depends on the transmitted bit as well as the signal mematyserve four different amplitude levels stemming from the
(i.e. previous transmission level). addition of the two tags. There are also interestipikeseither

To validate the signal model of [16] that we follow in thisdue to noise or due tbit duration mismatch; the latter is
work, we utilized a simple and low-cost measurement setdpe to the fact that RFID tags do not typically have accurate
(Fig. 2-(c)) that consists of a commercial UHF Gen2 reademystals for timing purposes but instead derive clockimgals
two FMO tags, and a USRP software-defined radio (SDR) wiftom the reader-transmitted carrier through low-cost pass

bit 0 bit 0 bit 1 bit0 bit 1

xample, one could first ignore the weak signal, detect bits

Il. PROBLEM FORMULATION AND SYSTEM MODEL
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Fig. 2. Baseband received signal at the sniffer with comatens between reader and two tags. The signal depicted dlisima’ in the second figure is
magnified and zero-centered in the third figure and depiatsdwllided FMO signals from two tags.

components with, in general, variable manufacturing tolee using specialized pilot signals or could be estimated by the
[18]. observation of the four amplitude levels of the aggregate

Consequently, after pulse-matched filtering and sampling@ownconverted and filtered data. It is remarked that, # b,
the RFID reader, the in-phase (or quadrattiemponent of thens; = s € S and information is lost, i.e. separation of tags
the collided signal during one bit period can be represebyed A and B fails. In generala # b and their power ratio will be
a vector[zo z1]” of two half-bit symbols, where each half-bitexplicitly taken into account. The power ratio of signalisnir
symbol belongs inS = {sy = —a — b,s; = —a +b,s; = two tags can easily vary by several dBs, even for equidistant
a —b,s3 = a + b}. Slow-fading can be assumed, i®. b tags from the reader, as experimentally measured in [2%]. Ta
remain constant during reception given the limited numbehip mismatching and and chip variability (e.g. chips proehl
of considered bits, either in RN16 or in the actual tag Iby different vendors) further increase the power varigpili
(96 bits in electronic product code). We also assuroberent Of the received backscattered signals received at the meade
reception, i.e. the constants b are considered known at theWithout loss of generality, we assume> b > 0 throughout
receiver. Such knowledge can be acquired through estimatifiis work.

Under the above assumptions, the received signal can be

1For simplicity of the derivations and clarity of the presaian, in this written in vector form as:

work we consider processing of the in-phase (or quadratoejponent only. Al yo Zo
Our developments can be extended to joint processing ofrthghase and y = = +n, (1)
quadrature components in a straightforward manner. hn !
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0 For example, iftg = a—b = sy and; = —a — b = s,
s l s then the bit estimates for tags A and B are,tag 0 and

50 53 tag; = 1, respectively. Such a case corresponds to hypothesis
—C o H, according to Table I-A. It is remarked that Methodloes
-a-b a+tb not require knowledge of the noise variang® per half-bit,

——————0
——————

—a+b! a-b
at the receiver.

Fig. 3. The two-tag, nonuniform signal constellation witacision areas Itis stralghtforward to compute error (_Or' equwalentlgra— ]

(marked with intermittent lines) based on the minimum distarule. error) performance of the above detection method. Obsgrvin
that, under hypothesisgtand FMO signaling, only transitions
betweens, andss or betweens; and sy are allowed, the fol-

where [zy z1]7 € 8% is the collided information signal lowing conditional error probability can be readily calated:

andn = [ng n;]7 represents additive white Gaussian noise

(AWGN) whereng,n; are independent, zero-mean Gaussiapy(H;, i # 0|Ho) = 1 — Pr(Ho|Ho)

variables with variance?.

The minimum distance rule (ML) given measuremgni € = 1 — 7 {[1 = Pr(Z0 # zolzo = 50)] [L — Pr(d1 # 21]a1 = 53)]
{0,1} and transmitted constellatiafi, with decision bound- — Pr(s _ _p _
aries depicted in Fig. 3, provides the following conditibna + . r(af 0 7 Zolao = s1)] | w7 ooy = s2)]
error probability: + [1 = Pr(Zo # wolzo = s2)] [1 — Pr(21 # 21|21 = 51)]

+ [1 = Pr(Zo # xolzo = s3)] [1 — Pr(Z1 # 21|21 = s0)]}

Pr (,fz 75 :vi|:vi = 80) =Pr (,fz 75 :vi|:vi = 83) 1 9 9

—Qb)o), i—01  =1m3{1-Q@/e) +11-Q0/0) - Qa-b)/o) |
) 4

Pr(:ﬁi;«éxﬂxi:sl):Pr(aﬁi;é:vi|:vi282) . . i .

_ b b 0.1 Under hypothesis Hand FMO signaling, transitions be-
=Q((a=b)/o)+Q(b/o), =54 tweensy ands; or betweens, andss are allowed. Thus,

®3)
whereQ(z) = —= [ e=#/24t is the Q function. The ex- Pr(H;,i # 1|H1) = 1 — Pr(Hi|Hy)

pressions above will be found useful throughout the documen_ 1— 2 {[1 = Pr(do # @o|zo = 50)] [1 — Pr(#1 # 1|1 = s1)]

The above modeling approach is sufficient for the examina- 4 [
tion of the proposed two-tag detection methods. For complex + [1 = Pr(Zo # xolzo = $1)] [1 — Pr(21 # 21|21 = S0)]
modeling of the backscatter radio channel, the interestadar + [1 = Pr(Zo # wolzo = s2)] [1 = Pr(d1 # z1]x1 = s3)]
could refer to several works, including [3], [13], and [22]. 4 [1 = Pr(do # wolzo = 53] | )

— Pr(&1 # 21|21 = 52)]}
=1-{1=Q®/0)][1 -Q(b/o) = Q((a—b)/o)]}.  (5)

Ill. DETECTION TECHNIQUES
In subsections IlI-A, 1II-B, and IlI-C, we derive threeUnder similar reasoning, it can be shown that:
methods for detection of both tag A and tag B Finforma-
tion, alongside their respective (single-bit and bit-p&irror Pr(H;,i # 2|Hs) = Pr(H;,i # 1|Hy), (6)
probabilities. In subsections I1I-D and IlI-E, two methoaise N Dol
derived for single-tag detection. Pr(H;, i # 3|Hs) = Pr(H;, 4 # 0[Ho). )

Therefore, probability of detection error &t leastone of
A. Method 1: Memoryless Detection based on ML and tWfe two tags is given by:

half-bits
This method performs independent detection of the two — 18
half-bit symbols (according to decision areas of Fig. 3) and’r((fag. tags) # (tag, tag)) = - Z (Hi,i # j|H;) =

then, based on the findings, final decision on both tag A
and B information is jointly made. The detection method is_ 0 <é> {2 —Q (Q) —Q <
summarized below: o
« Detecti, € S from yo, applying a ML (i.e. minimum- a—1b 1 fa—=b
distance) rule. +Q( ) [1 4Q( o )} )
o Detecti; € S from y, applying a ML (i.e. minimum-
distance) rule. If we restrict the definition of detection err@olely with
« Decide in favor of H (i.e.H = H,),i € {0,1,2,3}, respecttotagA, i.e. correct (or erroneous) detectiongBtés
from sign change between) andz;. If sign of a in &y indifferent, and follow Method, then the error probability can
is different than ini:,, thentag, = 0, otherwisefag, = 1.  be also readily calculated. Decision areas for half-biedgon
Similarly, if sign of b in %, is different than inz;, then in Fig. 3 becomey; < 0 for &; = sg or s; andy; > 0 for
t?:\\ge =0, otherwiset/a\gB =1. Z; = s9 Or s3, 4 € {0,1}) and conditional error probabilities




4 TO APPEAR IN 2012, IEEE TRANSACTIONS ON COMMUNICATIONS

of egs. (2) and (3) are modified to: F(y|Hs) = ks e™5% cosh {%W}
ag
Pr(#; = s2 Or 33|x;izo) = Pr(&; = sg Or s1|z; = s3) 4 ko =22 cosh {((I + b)(y20 + yl)] (15)
—o(*X). -0 ©
g Notice that the above expressions require knowledge“of
Pr(2; = sz of s3lw; = s1) = Pr(2; = so Of s1]z; = s2) Thus, the ML detector is given by
—b .
=Q(“ ), =01 (10) A= argmax  {f(yIH)}. (16)
g HE{Ho,Hl,HQ,Hg}

Following the same derivation of egs. (4)-(7), the bit error Although, given knowledge of* at the receiver, Method
probability of detection of tag A information with Methad outperforms Method in terms of BER by definition, the two

becomes: detectors’ error probabilitiepractically coincide with each
b b other, as will be demonstrated with results. Such obsenvati
Pr(fag, # tag,) = [Q (a ) +Q (a _ )} holds when bit-pair error probability (i.e. both tags) adlvas
o o when single-bit error probability (i.e. tag A only) is of arest.

bit observations of Method constitute sufficient statistics for
memoryless detection and hence performance in not degraded
compared to Method. It is stressed however that Methad
requires knowledge of the noise variancg while Method1

The previous method performs optimal hard decision pdbes not.
half-bit and then decides in favor of the detected hypothesi

based on the half-bit hard decisions. In the following, Wg Method 3: One-Bit-Memory-Assisted Detection
base our decision directly on the entire bit duration (witho

making half-bit decisions) and derive the ML detection ruleDit (two consecutive half-bits) and, therefore, did not leip

It is reminded thatry denotes the first half-bit symbol. : . .
. o the inherent memory of FMO signaling. In Method 3, memory
Under hypothesis K both tags change their signal levels . s . ’ . .
. . . of FMO signaling is exploited in detection of two collided
after the end of the first half-bit. Thus, signal- b6 becomes . . : o
. FMO signals by observing duration @xactly twobits: the
—a — b, signala — b becomes—a + b, and so forth. As a

result. the conditional pdf of the received two-sample oectbit under observation, half-bit before it, and half-biteafit.
UL i P ved w b Similar mind-set was exploited by Simon and Divsalar [16]

» {1 1 [Q (a+ b> 40 (a ; bﬂ } (11) Such result can be explained by the fact that the two half-

B. Method 2: ML Memoryless Detection

The previous two methods focus on the duration of a single

becomes: for detection of asingletag. They noticed that for ML single-
3 bit (memoryless) detection there are four possible hysabte
F(y[Ho) = = > f(yIHo, 20 = 55) to test; however, if half-bit before and half bit after are
7=0 also observed, then there are only two hypotheses at the bit

boundary (see shaded half-bits at Fig. 1). Below, we extend
the idea in detection and separationtwb FMO tags.
n lg(a b —a—b)+ }g(_a +ba—b)  With slight abuse of notation, we denote hythe received
4 half-bit signal before the bit boundary and the received
= ky e~ 2% cosh {(a +0)(y1 — yo)] half-bit signal after the bit boundary. Thus, there is a dir
o? measurementso, y1 ) wherey; corresponds to the first half-
42ab (a —b)(y1 — yo) bit andy, corresponds to the second half-bit of the previous
+kz €7 o% cosh {T]’ (12) bt and a second pair of measuremetys, y1)! where yo
corresponds to the second half-bit agpdcorresponds to the
where k, is a positve term and g(ag,a;) = first half-bit of the next bit.
N([20],0%T255 ;[%°]). The other three conditional pdfs are Given that the FMO signal of each tag always changes

N N

1
g(_a_b7a+b)+zg(a_ba_a+b)

W~

calculated similarly and equal to: levels at the bit boundaries, the possible transmitted sym-
bols sg, s1, s2, and s3 under either pair of measurements
F(y|H1) = ka cosh (a=b)yo—(a+ by (yo,y1)',i = 0,1, are depicted in Figures 4-a and 4-b. The
o? detection algorithm works as follows:

+ ko cosh [(Wrb)yo_(a_b)yl} 13) Detect iy € S from (yo,71)°, applying a ML (i.e.

2 minimume-distance) rule (Fig. 4-a).
o Detecti; € S from (yo,v1)!, applying a ML (i.e.
minimum-distance) rule (Fig. 4-b).
o Decide in favor of H,i = 0,1,2,3, based onzg, 21,
according to Table I-B.
+ky cosh [(a — by 4'2(‘1 + b)yl], (14) For example, ifig = sy (Fig. 4-a) andi; = so (Fig. 4-b),
o then tag B level remains constant-at—b (i.e. bit “1”) while

g

f@Mﬂ—kam[@+@%+awwwﬂ

o2
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Transmitted symbols for the first (left) and secorighf) pairs of measurements in memory-assisted detection.

TABLE |

| Ho Hq Hso Hs Zo

1

S0
53

S0
52

S0
S1

S0
S0

S1
50

S1
S1

S1
52

S1
53

52
S0

52
S1

52
52

52
53

S3
S3

S3
S1

S3 53
S0 52

taga 0 1 0 1

tags 0 0 1 1

tag A level switches fromt-a to —a (i.e. bit “0”). Thus, we

decide in favor of hypothesisdlaccording to Table I-bottom.

Similarly, the other entries above can be worked out.
The ML (i.e. minimum-distance) rule foryg,y1)°
(yo,y1)* can be directly derived. Working ofyo, y1)°

or
and

(yo,y1)*, the distances for the four transmitted symbols

s0, 81, 82, 83 are given byd, d¢, d5, andd, i = 0, 1, respec-
tively, that are equal to:

d3[yo. y1] = d3lyo, y1] = [yo — (a + b)) + [y1 — (—a—b)]",
(17)

d?[yo, y1] = dilyo, 1] = [yo — (a — b))* + [y1 — (—a + b)),
(18)

Ao, y1] = diyo, v1] = [yo — (—a +b))* + [y1 — (a — b)]?,
(19)

d3[yo, v1] = dglyo, y1] = [yo — (—a — ) + [y1 — (a+ b))
(20)

Using (yo,v1)° and the distances af), d, d3, anddj, in the
following we describe how decision afyy is made. Similar
approach is followed subsequently for the decision in
(based on(yo,y1)! anddy,di, d3, andd3).

We detectzy = sq if and only if:

do < df < yo —y1 > 2a, (21)

dy < dy < yo —y1 > 2b, (22)

d) < dy < yo—y1 > 0. (23)
Having in mind thate > b, we obtain:

To=5S0: Yo— Y1 > 2a. (24)

Working similarly for the other three hypotheses of Fig. 4-
a, corresponding to the bit boundary with the previous b, t

ML decision areas become:

S0, Yo — Y1 > 2a,

B0 = s1, 0<yo—1v1 < 2a, (25)
S2, —2a<yo—1y <0,
S3, Yo — Y1 < —2a.

The four decision areas above are depicted in Fig. 5.

H Hs [ Hi [ Hza [ Ho [ Hi | Hs | Ho | Hz | H2

[Ho [ Hs | Hi | Ho | H2 | Hi | H3

83

2a

-2a

/ So
d

Decision areas for each pair of measurements in meassisted

Fig. 5.
detection.

derive the corresponding decision rules for (based on
(yo,y1)! andd},di, d3, andd3) which are simplified to:

S0, Yo — Y1 < —2a,

By = 1, —2a<yo—1 <0, (26)
S2, 0<yo—1 < 2a,
83, Yo — Y1 > 2a.

Erroneous detection of tag A or tag B FMO signals occurs
when detection fronfyo, y1)° or detection from(yo, y1)! fails.
The conditional error probabilities of such a detectionesoh
can be readily calculated. For example, the conditionarerr
probability, given that:y = sq, equals:

Pr (fo 75 .I'Q|SCQ = So)

= / / J (o, y1lzo = so) dyrdyo  (27)

Yo=—00 Yy1=Yo—2a

= / / gla+b,—a—b)dyidyy. (28)
Yo=—00 Yy1=yo—2a
The other three conditional error
Pr (j?o }é ZC()|£CO = 81) ,PI‘ (.CEO 7§ I0|I0 = 52),
Pr (o # xo|zo = s3) can be expressed similarly.
The above method requires numerical integration of the Q

probabilities
and

Following similar steps for the hypotheses of Fig. 4-Hunction. However, carefully observing that the methodwabo
corresponding to the bit boundary with the next bit, we camproves the signal energy by exactly a factor Xfsince
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duration of two-bits is exploited, as opposed to memoryleasd
(single-bit) Methodl, it is inferred that the error performance i
of Method 3 improves over Method with a SNR factor of f(yltag, = *17)

two. Therefore, the probabilitr((tag,, tags) # (tagy, tags)) 1 > o PP
that at leastone of the two tag information is erroneously ~— § Zf(y|tag,\ = 17, tagy = “07, 0 = 5)
detected with Method is given by: =0

3
- + % Zf(y|tagA = “1” tagg = “1”7,20 = s;) (33)
Pr((tag,, tags) # (tag,,tags)) =0
= ~%% cosh [(a o?
(Aot e(azy] T
u—b 1 a—b + €72 cosh [(a — b)(yo + y1)/07]
+Q(\/§ p ) [1_1 Q(ﬁ p )} - (29) + cosh {[a(yo + y1) + b(yo — y1)] /o }

+ cosh {[a(yo + y1) — b(yo — y1)] /‘72}) ;o (34)

Simulation results confirm the calculated expression abovewherek4 is a positive term, common to both hypotheses. It is
Furthermore, if detection of tag A information is importantemarked that the above expressions require knowledgé of

while tag B detected bits can be ignored, then performancegfthe receiver.

Method3 can also be calculatedfollowing the same reasoningThe receiver simply decideEigA = “0” iff

as above, BER performander(tag, # tag,) of Method 3,

when only tag A is of interest, is given by Eq. (11) with SNR f(yltagy = “07) > f(y[tagy, = “17),

improved by a factor of: and fag, = “1” otherwise. Numerical results show that

performance of such detector practically can coincide with
Pr(fag, # tag,) — [Q (\/5 a;rb) Lo (\/5 a C—r b)] performance of Method (Eq. (11)).
% {1 _ i {Q <\/§ a+t b> 10 <\/§ a—- bﬂ } . (30) E. Method 5: One-Bit-Memory-Assisted Single-Tag Detactio
g g Finally, a single-bit memory-assisted detector is derjved
] ] ] .. whenonly tag A is of interest. Similarly to Methadwe work
Numerical results confirm that the above expression Cm'dseparately or(yo,y1)° (corresponding to bit boundary with
with simulation results. It is remarked that Meth®dioes not . previous bit) énfﬂyo y1)! (corresponding to bit boundary
require knowledge of the noise variancé. with the next bit) and decide in favor of hypothese8 khd
The previous Methods — 3 targeted detection at both tagsm!, respectively, where KMi = 0,1, can be either M (that
even though performance was also calculated when only i@rresponds to constellation signals s, of Fig. 4-a) or M
A was of interest. In the following subsections, ML detestor(that corresponds to constellation signajsss of Fig. 4-a).

are derived when only tag A information is of interest (in th@onsidering ML detection of® from (yo,11)°, we utilize
presence of tag B), with or without single-bit memory. conditional pdfs:

£ ((y0,y1)°Mo) = %f((yanl)OLSO) + %f((yanl)Ole)

D. Method 4: ML Memoryless Single-Tag Detection ) ) (35)
OM,) = = 0 1 0
Working similarly as before, withy, z; the first and second 1 (o, 91)° M) 2f (w0, 1)%s2) + 2f ((wo, 1) |83()376)

half-bit and hypotheses i§ of Fig. 3, the conditional pdfs are

given by: and decide in favor of hypothesisgM i.e. M’ = My iff:
f(yltagy = “0”) f((y07y1)|2|\/|bo) > f((yo,y1)|M1) &
e~ 2 sinh [(a +b)(yo — yl)/ch]

3
1
— ta — “077 ta — “077 — /L 2ab
8 ;f(‘ﬂ % 8% /@0 = 5) + et sinh [(a — b)(yo — 1) /02] > 0. (37)

+ 1 3 Flyltagy = “0",tags = “17, 20 = s1) (31) Thus, _the receiver decides whetrﬁ(r) is My or M; based
8 i—o on a pair of measurementgo, y1)°, wherey; corresponds
_2ab 9 to the first half-bit andy, corresponds to the second half-bit
=ky (e 22 cosh [(a+ b)(yo — y1)/07] of the previous bit. Similarly, the receiver decides whethe
+ et cosh [(a— b)(yo — y1)/0?] M’ is Mo or M, based on a pair of measuremefys, y:)!

B 2 and Eq. (37), wherg, corresponds to the second half-bit and
+ cosh {[a(yo — y1) + b(yo + y1)] /02} y1 corresponds to the first half-bit of the next bit. Finally,
+cosh {[a(yo — y1) = b(yo +y1)] /o*}),  (32) decision on tag A bit is made according to the following rifie:
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0 ~1 . —~ . .
M =M (i.e. both are N or both are M), thentag, = “0”, Second, for nonconventional reader processing, e.g. when
otherwisetag, = “1”. exactly one out of two tags can be decoded at the event

It is again remarked that the above expressions requok simultaneous transmission of two tags (as described in
knowledge ofs? at the receiver. Simulation results show thaBection Il1), throughput per slgt,, assuming detection at high
performance of the above detector practically coincide wiSNR is given by:

performance of Method (Eg. (30)). A
p2 (N, L) = Pr(slot success= Pr(q¢ = 1)y, + Pr(¢ =2)n .1

IV. INVENTORY TIME BENEFITS _N (1 B l)N_l N (N) (1)2 (1 B l)N_Q
In this section, the impact of the above algorithms on the L L 2 L L

reduction of total inventory time (i.e. delay) fav tags is (
addressed, in the context of framed Aloha. The latter ag@jre Notice that, if we assumed théioth tags (and not just one
mentioned forms the basis of commercial RFID protocols.(e.gut of two) could be decoded at the case of simultaneous
Gen2). High SNR analysis follows, assuming that wiesn transmission of exactly two tags, then a factor2ofvould
actly one or two tags transmit in a given slot, their informatiomultiply the second probability term above. Maximizatioh o
can be correctly received. This section offers exact, dosethe above throughput quantity offers the appropriate @hfuic
form formulas that compute the average inventory time am@imber of slots per frame:

analysis results are validated by simulations.

In the basic version of framed Aloha, access is operated |r}I13LX {p2 (N,L)} = Ly(N) =1+ /1 + M
frames where each frame is dividedinslots and tags at the 2
beginning of each frame select independently and randonNytice that, forN < 3 (i.e. N = 1 or N = 2), the appropriate
one of theL slots to transmit their information. The beginninghumber of slotsZQ(N) = 1, as expected.
of each slot is marked by transmission of appropriate messag The basic framed Aloha control algorithm works as follows:
from a central controller. At the end of the frame, the cdntraaximize slot throughput per frame, i.e. 9etV) = L;(N),
controller (e.g. reader in the context of RFID applicatjores  depending on hovwag collisionis defined (whether aforemen-
estimates the number of remaining tags and advertises a n@wed detection algorithms of Section I1l are applied, inioh
numberL of total slots for the next frame. The remaining tagsase;j = 2, or not, and thug = 1). When frame is completed
select independently and randomly the slot they are going (i. all slots are tested), update numbeéwf backlogged tags
transmit in the next frame and the process continues unti{r@maining number of tags to be read) and start a new frame.
predetermined number of tags is accessed. It is remarked that is remarked that the above algorithm assumes that the
for the particular case of Gen2 the number of slots per fraraentral controller (e.g. reader) has acquired an accusiie e
is set atL = 2¢ and reader advertise$ at the beginning of mate of the total number of tag§. Such information can be
each frame. inferred from the number of empty or collided slots and there

For a given numbefV of tag population and a numbér are specific proposals in the literature, based on detestigni
of slots at a given frame, the probability gtags transmitting [9], probabilistic [23], [24], or recursive [25] technigsieMore

(42)

at a given slot is described by the binomial term: importantly, the above policy maximizes throughput pentfea
N— and not total number of frames (overall delay). It was relgent
N 1\ 1 K . .
Pr(q)n.r = < > <_> (1 — _) . (38) shown that it could be beneficial to stop a frame before the
' L L total number of slots is tested (especially when probahbilft

Thus, successful transmission of tag information at a givéad transmitting at remaining slots is small) and start a new
slot can be readily calculated, also offering a measure a@me with an updated slot number [26], [27]. Optimizing the
throughput. framed Aloha policies are beyond the scope of this work.
First, it is assumed that tag collision occurs wieare than ~ The expectedotal number of framed” and expectedotal
onetags select the same slot, i.e. conventional processinghdnber of slots, required for the aforementioned basic ém
the reader. In that case, successful tag transmissionoiftur Aloha scheme, can be readily calculated with the recursive
exactly onetag transmits at a slot and throughput per glgt equations (43)-(45) below, with initial conditioN (1) = .,

assuming detection at high SNR is given by: where ' denotes the total number of tags to be inventoried,
N index 7 denotes the frame number and indgxindicates
p1 (N, L) = Pr(slot success= Pr(qg = 1)y, whether the reader can detect one tag information out of two
1 1\ V! collided signals { = 2) or not (j = 1):
:N(—> (1__) | (39) o
L L L(i) = L; (N(2)) , (43)
Maximizing throughput per slot for a given number of sldts N(@Gi+1)=N(i)— L(i) pj (N®),L(2)), (44)
per frame offers the appropriate number of slots which,ter t F
case of conventional reader processing, is equal to the aumb Z L(i) p; (N(2),L(z)) > ap N. (45)
of tags: i=1
7 _ Eq. (43) sets the number of slots per frame according to
a {or (N, L)} = Ly(N) = N (40) Eqg. (40) or Eq. (42), depending on the reader detection
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method. Eq. (44) computes the expected number of remain 0 Probability of Error at either Tag

tags at the end of the frame, which is used to calculate t il *  method 1
number of slots for the next frame. Eq. (45) sums all access B\B\@;@\@\ CD) 2:::2%
tags and terminates the recursion if their sum is above t BU=StE T Analysis

B A
percentage:, of the total tags that need to be read.

With the above recursion, thexpectedtotal number of
frames F' and slots per frameL(:) are estimated, when
Eq. (40) or Eq. (42) are utilized, according to the basic fsdm 10
Aloha scheme described above. Simulation results at $e¢tio
confirm the recursive theoretical calculation above. Imegit 107
cases, theexpectedtotal number of slots required to acces:
(ap x N) tags (e.ga, = 100% = 1) is given by: 107 w w w

BER

3L Y=6dB

Eb/NO (dB)

F
> L), (46) _ _ _
P Fig. 6. BER at either tag vs SNR (fixedl = 6dB).

With the above recursive methodology, inventory time ber Probability of Error at either Tag
efits (i.e. delay reduction) can be readily calculated whe 10° ¢
detection techniques for two collided tags are utilized, ¢
opposed to conventional detection (where collided sigoéls
two tags are discarded). Additional analysis regardinganas
of framed Aloha (e.g. Gen2) can be found in [15] and [28
Finally, it is noted that the above methodology can be eas
extended to cover the case thifee (or more than three) tags
transmitting at the same slot and the reader being able
detect the strongest. However, the probability of threesta
selecting the same slot in framed Aloha systems is in gene
smaller than the probability of two tags transmitting at th
same slot and thus, the observed benefits are not expecte 3 4 s A - p 5 10
be substantially better than the two-tag case [15]. Power Difference ¥ of Tag Signals (dB)

‘‘‘‘‘ method 1
method 3

T )

Eb/N0=6 dB

BER

Eb/N0=10dB

Fig. 7. BER at either tag vs tag power ratio (fixed SNR).
V. NUMERICAL RESULTS

In the numerical results of this section, the signal-to-
noise ratio (SNR)E,/Ny = b?/0?, as well as the power limited by the weakest tag (B in our case); by increasing
ratio between the two baseband tag signeils= a?/b* are errors at the strongest tag (tag A) are decreased but ertrors a
considered. the weakest tag are left unaffected. Thus, in cases where the

In Fig. 6, the BER as a function of SNR is depicted, wheis collision with a “weak” tag, the reader should only focus
detection error agithertag (A or B) is considered. The poweron the stronger tag.
ratio between the two tags is set®o= 6 dB (i.e.a = 2b) and Such strategy is examined in Fig. 8, where error only at
Methodsl-3 (Subsections IlI-A-111-C) are tested (in Meth@J tag A is considered and Methods5 are tested for fixedl
knowledge of noise variane€® at the receiver is assumed). Itand variable SNR. It can be seen that simulation matches
is found that simulation matches analytical results of Mdth analysis results for Method (Eq. (11)), while Method=2
(Eq. (8)), while Methodl performs as well as MethdZl Such and 4 perform no better than Methotl Methods2, 4, and
result could cause small surprise, given that Methodoes 5 are assumed with perfect knowledge of noise variartce
not require any type of noise variance estimation. Howevétig. 8 shows that one could use Methadfor single tag
as already mentioned, Methad performs memoryless ML detection, when two tags collide, without any need for noise
detection on half-bits with observations that offer suffitti variance estimation and without performance loss, contpbare
statistics and thus, its performance should not differ frote the ML Method4. A 3dB improvement can be further
Method 2 (which is also ML memoryless detection). It isobserved if Method3 is utilized. Simulation results match
noted however that Methol under imprecise knowledge ofanalysis (Eq. (30)) for Method which performs no worse
o? offers deteriorated performance. Furthermore, simutatithan Method5, even though the latter requires estimation of
matches analysis results (Eq. (29)) for Metidvhich per- the noise variance? (assumed perfect in the depicted results).
forms3dB better than Method due to intelligent exploitation  Thus, Method for single tag information extraction out of
of FMO memory, as explained in Subsection IlI-C. two collided tags, offers a simple and effective schemeavith

In Fig. 7, the previous experiments are repeated for Methodsjuiring noise variance estimates, by simple exploitatb
1 and3, with fixed SNR and variabld. As ¥ increases, the FMO memory. Fig. 9 repeats the aforementioned experiments
overall BER reaches a plateau. That is due to the fact tHat Methodsl and3 with variable? and fixed SNR. It can be
error at either tag is considered and, thus, the depicted BERseen that Method drops the BER to values on the order of
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Probability of Error at Tag A
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Fig. 8. BER at tag A only vs SNR (fixe® = 6dB). Fig. 10. Total number of required slots in framed Aloha as racfion of

tag population for different types of “collision”.

Probability of Error at Tag A

Eb/N0=6 dB

BER

Eb/NO=10dB

method 1
method 3

(1]
(2]

3 35 4 45 5
Power Difference ¥ of Tag Signals (dB)

55 6

Fig. 9. BER at tag A only vs tag power rati (fixed SNR). [3]

10—% for SNR close tol0dB and ¥ = 6dB. One immediate 4l
guestion emerges: could additional FMO memory (more than
one bit) further reduce BER? The answer is negative and w&3d
already given by Simon and Divsalar for single-tag detectio
[16].

Finally, in Fig. 10 the expected total number of slotsl®l
required to accesd’ tags is depicted, with the basic framed
Aloha scheme of Section IV. Simulation matches the anali/tic
results of Eq. (46) through the recursive methodology in’]
Egs. (43)-(45) for the whole population of tags @g= 1). It
can be seen that reader’s ability to detect and extractrirder
tion for one out of two collided tag signals can significantly
reduce overall inventory time (i.e. total number of slotg) b [9
40% (and even more for higher tag populatidf), depending
on the total number of tags. Additional results relevant ta°l
inventory time reduction in a basic version of Gen2 (which
is also a version of framed Aloha) can be found in [28]. [11]

(8]

VI. CONCLUSION (12]

Commercial RFID protocols based on framed Aloha, inclui-
ing Gen2, can substantially benefit from the methodology 113]
this work. What is needed is simple augmentation of detactio
algorithms at the reader, alongside the lines of this worlk4l
Single-bit memory-assisted algorithms are the basis of twas;
tag detection that could lead to inventory time reduction of

N tags on the order of0% under certain conditions (e.g.
high-SNR, sufficient tag signal separatiém for basic framed
Aloha access schemes without modification of reader RF front
end. The algorithms could be of importance to single-argenn
(e.g. portable) readers, as well as multiple-antenna redite
antenna-switching mode).
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