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Energy Efficient Tag Estimation Method
for ALOHA-Based RFID Systems

Petar Soli¢, Josko Radié, and Nikola RoZi¢

Abstract—Radio frequency identification (RFID) technology
has become an important tool for items identification and
tracking. Its rapid deployment in dynamic industry areas enables
variety of new applications in behavioral analysis and processes
automation. In such systems it is crucial to identify all RFID
tags before they leave the interrogation area. To accomplish
fast identification, it is necessary to estimate a number of tags
which are in the reader interrogation area. In this paper, we
revisit the problem of tag quantity estimate and adapting frame
size of dynamic frame slotted ALOHA widely used as RFID
medium access control mechanism. The main disadvantage in
the implementation of the state-of-the-art estimation algorithms
includes the number of required computations, along with the
temporary storage of large numbers which appear before esti-
mation. As a consequence, such algorithms are energy inefficient
and may require specific computer architecture to support the
calculus. In order to address stated issues, we present improved
linearized combinatorial model algorithm for optimal frame size
selection which, due to linear property of the estimator, allows
significant reduction in the estimate computation with acceptable
tradeoff in accuracy. Simulations analyze the required number of
slots to identify tag population and the floating point operation
costs required to compute estimate. In addition, to emphasize the
importance of reducing computational cost, we give a case study
which compares energy consumed by the mobile RFID reader
processor to compute the estimate and its energy equivalent of
the required radio front-end energy to identify tags.

Index Terms—Dynamic frame slotted ALOHA (DFSA), tag
estimate method, optimal frame size selection, energy efficient
methods.

I. INTRODUCTION

FID technologies based on the wireless communication
between reader and tag present the great innovation in
items identification and tracking. Such technology provides
the edge infrastructure for the Internet of Things (IoT) final
deployment. Regarding tags battery presence or absence, RFID
can be divided into battery-powered active, battery-assisted
passive (BAP), and battery free passive RFID technology [1].
Active RFID enables tag reading range up to 100 m, but
due to tag robustness, price of about 100 USD, and limited
battery lifetime reduces its spectra of usage. To reduce tag size
and price, but to remain with greater reading distances of up

Manuscript received April 11, 2014; revised June 3, 2014; accepted June 5,
2014. Date of publication June 12, 2014; date of current version August 29,
2014. The associate editor coordinating the review of this paper and approving
it for publication was Prof. Kiseon Kim.

The authors are with the University of Split, Split 21000, Croatia (e-mail:
psolic@fesb.hr; radic@fesb.hr; rozic@fesb.hr).

Color versions of one or more of the figures in this paper are available
online at http://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/JSEN.2014.2330418

to 40 m, one can consider BAP RFID usage. Battery in BAP
tags is used to power tag circuitry, while tags communication
with the reader is same as in the battery free passive RFID.
Passive tags communicate and power themselves using same
RF waves radiated by the reader antenna. An overview of pros
and cons for different RFID systems can be found in [2].

With a size of about 15 c¢cm in width and 1 cm in height,
at price of about 0.1 USD per tag and reading range of up to
10 m, passive Ultra High Frequency (UHF) RFID has become
the most popular technology in terms of price/performance
ratio. One of its typical application includes a portal equipped
with RFID reading antennas and passing pallet of products
with passive RFID tags to be identified as soon as possible.
Moreover, its rapidly introduction to the industry fields appli-
cations such as supply chains [3], localization techniques
[4], [5], or indoor robot navigation [6], require all tags
identification as fast as possible (e.g. increase tag reading rate)
before they leave the interrogation area [7].

For the sake of reducing equipment manufacturing costs
and making reader-tag communications worldwide available,
EPCglobal [8] defines the set of standards that enables passive
UHF RFID infrastructure. Inside the set of standards, Gen2 [9]
specifies physical and Medium Access Control (MAC) settings
to support reader-tag communication. Since passive tags do not
own a battery, it is necessary that reader delivers enough power
to energize tags and enable them to respond with the required
information. Energy levels that tags can harvest are small, and
thus they cannot afford themselves energy inefficient Medium
Access Control Schemes (MAC).

Generally, MAC in RFID is random based, and there
are two popular approaches for its realization: binary-tree
and ALOHA-based protocols [1]. In binary tree [10], [11],
reader can through consecutive YES/NO interrogation identify
targeted tags, while ALOHA based algorithm initiates tag’s
data transmission in the time when reader requests. Among
ALOHA-based protocols, the most often used due to its max-
imal efficiency is Dynamic Framed Slotted ALOHA (DFSA),
where Gen2 specifies its concrete application. To maximize
its throughput and thus identify all tags as fast as possible, it
is necessary to correctly estimate the number of interrogating
tags and set size of the next frame accordingly.

In this paper we describe DFSA implementation in RFID
systems, and the state of art methods based analysis in
tag estimate along with algorithms for their efficient imple-
mentation. Such algorithms usually include the number of
calculations prior tag estimate, and due to necessity for
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factorial operations, temporary storage of large numbers. As a
consequence, estimators are energy inefficient and time cost
for its calculations may cause delay in tags identification.
Significant reduction in the required computations is crucial
for the RFID mobile readers in the terms of energy saving.
To overcome disadvantages of state of the art methods, we
provide Improved Linearized Combinatorial Model (ILCM),
which uses only a modest calculation operations, and can
be easily implemented and applied as tag estimate method.
Linearization of such complex counting formulas is possible
due to linear dependency of the tag estimate and the number
of successful slots per frame of a fixed size, for the fixed
number of collisions. Results on the number of slots required
to identify tags and Floating Point Operations (FLOP) costs
required to compute the estimate are provided. The impact on
required FLOP cost is further discussed in terms of required
energy to compute the estimate. To show its importance we
provide the timing details of Gen2 protocol, which allows us
to compute the total time for tags identification. Using given
time, and the reader output power we are able to compare
required radio front-end energy to identify tags with required
energy for the estimate computation on designated hardware.

This paper is structured as follows: in the next Section we
describe DFSA access control along with problem definition,
state of art tag estimate methods and analysis on DFSA
efficient implementation. In Section III. we present our tag
estimate method called Improved Linearized Combinatorial
Model (ILCM). Section IV. provides simulation results analy-
sis, and in Section V. we provide some concluding remarks
and directions for the future work.

II. DFSA RANDOM ACCESS IN RFID
AND RELATED WORKS

In DFSA, reader-tag communication is divided into the
frames that are further divided in the time slots. In real RFID
DFSA implementation [9], reader announces the size of frame
by broadcasting parameter Q, limiting frames to the sizes of
L =22, When tags receive Q, they set their slot counters to
the random value between 0 and 22-1. Tag(s) with the slot
counter set to zero respond back to the reader. As the next step,
reader issues command to decrement tags slot counters by 1.
Again, all tags with the slot counter set to zero respond back
to the reader. Number of the slot counter decrease commands
being broadcast by the reader is 29-1, thus interrogating all
slots of the frame. Regarding time slot occupancy, there are
three possible scenarios:

« no response within the slot (empty slot),
« single response within the slot (successful slot),
« multiple response within the slot (collision slot).

Figure 1 shows an example of the interrogation frame.
DFSA system throughput is given by [12]:

U(n, p) = np(1 — p)=Y (1)

where p = 1/L is the probability of finding a tag within
the slot of the frame, where frame size is L = 22 and
n represents total number of tags being interrogated. Maximum
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Fig. 1. Example of RFID reader-tag interrogation round with time frame

sizes of 4, and with 4 tags in the interrogation area. Both frames ends up with
one collision, one empty and two successful slots.
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Fig. 2. DFSA throughput and minimum number of tags for appropriate frame
sizes L = 8 to 512.

TABLE I
MINIMUM AND MAXIMUM NUMBER OF TAGS FOR Q-BINS

Q 0] 1]2]3 4 5 6 7 8 9
Nmin | 0| 2 | 4 12 | 23 | 45 | 90 178 | 356
Nmaz | 1 | 3] 6| 11 | 22| 44 | 89 | 177 | 355 | 710

throughput follows from (1), when its first derivative equals
to zero, resulting in:

dU(n, p)
dp N

Maximum is obtained for p = 1/n, i.e. when the number of
tags equals frame size (n = L). Such case yields maximum
throughput of DFSA, given as 1/e = 0.368. Therefore, to
maximize the throughput, it is necessary to estimate the num-
ber of tags (n) and then set the frame size to round (logy(1)).
Throughput U(n, p) for different frames is depicted in
Figure 2, while Q-bins for achieving maximum throughput
are given in Table L.

In real scenarios, reader can cancel the interrogation of
given slot if there is no response within, or send another
command when collision occurs in order to require the lost
information from collided tags. Such scenarios gives different
duration of different timeslots, which means that (1) should be
modified accordingly. With aim to simplify frame adaptation
model without of loosing generality, in our observations we

n(l—p)" 21— p)pr—1)=0 (2
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consider choosing frame size equal to the tag number (L = n),
while the impact on different timeslot durations is presented
in simulation results section.

Many published works address the issue of the accurate
tag number estimate based on the number of Empty (E),
Successful (§) and Collision (C) slots collected from the
previous frame. Further, it is important to note that some of
them are not implementable due to errors in the formulation.
For example, the algorithm in [13] searches for log(0), or
[14] may return negative probabilities, both noticed in [15].
To compare with the state of the art, we look for the imple-
mentable algorithms along with pseudo-codes of their efficient
implementation, required to evaluate the number of Floating
Point Operations (FLOP) to compute the estimate. FLOP costs
are important due to its direct relationship with the required
energy to compute estimate.

A. Tag Estimate Methods

Vogt proposal [16] for the tag estimate models the slot
occupancy by binomial distribution, where the probability of
finding r tags in one slot is given by:

Bu1/L(r) = (’r') (%) (1 - %) . 3)

where L is the frame size, and n is the number of tags.
According to (3), empty slot probability is p. = B 1/.(0),
successful slot is given by p; = B, 1/.(1), and probability
of collision slot is p. = Bpi1/L(= 2) = 1 — pe — ps.
Using pe, ps, Pc, the expected values of number of empty
slots ag = E(Bp,1/L(0)) = LBy,1/.(0), successful slots
a1 = E(Bu,1/1.(1)) = LBy,1/.(1) and collision slots a>» =
E(Bn1/L(= 2)) = LBy,,1/.(> 2) can be calculated. Note
that £ stands for the expectation operator. If the probabilistic
observation is correct, then the expected values should be near
its realization. Hence, Vogt used it to calculate Mean Square
Error (MSE) tag estimate:

aop E
€pg=min|| a; | —| S “4)
n
(122 C

Equation (4) was implemented in Phillips I-code RFID sys-
tems [17], as an anti-collision scheme. To implement such
estimate, one has to go into distribution and calculate MSE
until it reaches minimum. Since, the number of tags is at
least nyi, = S + 2C, calculation can be started from 7,;,.
An efficient implementation of Vogt tag estimate is shown in
Algorithm 1.

However, Vogt’s assumption that tags are identically distrib-
uted in slots is not generally correct. For larger tag sets, such
assumption yields to an error in tag estimate.

Another approach provided by Chen [18], assumes that tags
in the frame are multinomial distributed:

L' p s ¢
Eisic1 Pe Ps Pe )
To calculate p., ps and p. Chen used the same Vogt’s binomial
model (3). Once the frame is realized, i.e. the E, S and C are

P(E,S,C) =
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Algorithm 1 Vogt’s Estimate Efficient Implementation
Require: E, S, C.
Ensure: 7i,0g;.

n=S+42C

dist, = —1

dist, =0
: while dist, < dist, do
pe=(1—(1/L))"
ps = (/L)1 = (1/L)"~D
Pe=1—pe—ps
e=Lpe;s=Lps;c=Lp.
dist, = dist,
disty = (e — E)> + (s — §)> + (¢ — C)?
if n =S+ 2C then

dist, =dist, + 1
end if
n=n+1
: end while

Rpogr =n — 1

Do AN A R ol

_
N 72

obtained, a posteriori distribution is given by:

L! I\1E [n NGE
n n-n7€
X[l_(l‘%) -1(-7) ](6)

When P(n|E, S, C) distribution is calculated, Chen suggests
finding maximum of the given probability distribution, and
setting the tag estimate equal to a maximum, ie. 7 =
argmax, P(n|E, S, C). An efficient implementation of the
Chen’s estimate is described with Algorithm 2.

Algorithm 2 Chen’s Estimate Efficient Implementation
Require: E, S, C.
Ensure: A.jen.

L=E+S+C

n=S42C

next =0

previous = —1
: while previous < next do
pe=(1—(1/L)y"
ps = (n/L)(1 — (1/L))"~D
Pe=1—pe—ps
previous, = nexty
next = (L!/(E!S'\CY)pE p3 p¢
n=n+1
: end while

Achen =N — 2

X DN R RN

Chen in his paper did the mistake in the modelling of the
problem [19], where he considered mutual independence of
the number of E, S and C slots.

Improved Chen version which includes mutual dependence
of different slot types is provided in closed form formulation



3640

[19] given by:

P(E,S,C) = = PIE)P(S|IE)P3(CIE,S)  (7)

E'S!C!
where Pi(E), P,(S|E), and P3(C|E, S) are given with

P EY'
1(E) = (1—z)

_ _ n—=S
P>(S|E) = (;l) (LE—S)S!

(L - E)
C C—k C—k
P;y(CIE,$) =D > (- 1><"+“>( )( ) )
k=0 v=0
(n—25) (C—k—v)n=5-h
“n—5—k) co=s) ®

An efficient algorithm for implementation of (8) is described
with Algorithm 3.

Algorithm 3 Vahedi’s Estimate Efficient Implementation
Require: E, S, C.
Ensure: 7n,ahedi.

L=E+S+C
n=2C+S$S
next =0
previous = —1

: while previous < next do

Py =(1-(E/L))"

Py = n!/(S!(n — S)H((L — E — S)" 5 /(L — E)")S!

P;=0

for k=0— C do

forvo =0— C —k do

P; = P3—|—(—1)k+“(C!/(k!(C—k)!)((C—k)!/(v!(C—
k—0))(n—58)!/(n—S—k))((C—k—v)"~57F /C"=5)

8: end for

9: end for

10:  previous, = nexty

11: next = (L!/(E!SIC))P PP

122 n=n+1

13: end while

Roahedi =1 — 2

A A o

As an alternative to [19] (yielding same estimate) by using
the exponential generating functions counting technique is
given by Floerkemeier’s frame by frame estimation [12], [20].
Probability of finding n tags in the realized frame is:

L' T(E,S,C,n)
E!SIC! Ln

where T (E, S, C, n) is given with the x" /n! coefficient within
the expansion of exponential generating function:

P(E,S,Cln) = )

x2 x3 x4 ¢
G(x):( TR )xs

G(x) = (" — (1 +x)) x* (10)

As it can be concluded, all presented algorithms involves
entering into probability distributions, and estimate through
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Q = round(Qy,)
Query(Q)

# of Tag
Responses

Q= max(0, Qy, - Ca)

Q= min(15, Qp+Ca)

Fig. 3. Q-Selection algorithm suggested in [9], where 0.1 < Cy < 0.5.

finding their minimums or maximums. In order to avoid such
complex calculations, Gen2 standard suggests usage of simple
frame adaptation scheme called Q-Selection algorithm, which
performance we analyse in the next subsection.

B. Q-Algorithm

The Q-algorithm used in Gen2 standard is depicted in
Figure 3. As it can be seen from the flow graph, Q-algorithm
for frame adaptation uses only modest math operations which
adds or subtracts constant value C¢ in collision or empty slot
scenario, respectively. Reader starts the interrogation round
by broadcasting Qini;, and at the end updates new value
QO = round(Qsp), broadcast to collided tags in order to identify
them. The main advantage is its simplicity in implementation,
but the main disadvantage is the way how to choose constant
value Cgp, which is not a part of the standard specifica-
tion. Some papers have been written with aim to optimize
Q-algorithm, such as [21], where Cp can be optimized if
number of tags is known, otherwise authors suggests usage two
different constants, C, which is chosen arbitrarily and added to
Ofp in collision scenario, and C, = (e — 2)C, added to Qfp
in case of empty slot. Our simulations show that the latter
scheme, where tag number is unknown, puts a little influence
on the tag reading rate, due to pick of C. which should be
different for different tag number (n). In [20], authors com-
pare their developed frame adaptation method with the tuned
Q-algorithm, where the constant is set to Co = (0.8/log, L).
Such observation improves tag reading rate in the case of
small number of tags, but for large n (over 100) the algorithm
misses the frame size and causes great identification delay.
Recently, authors in [22] used other approach in Q-algorithm
optimization (denoted with Wu-Q), where they supposed that
Qinit should be equal 4, Cog = 05 for 0 < Q < 2, and
Co = 0.1 for Q > 10, or Cgp = 1/0Q otherwise. Wu-Q
approach provides the best results among proposals, but for
other Qjpj; the algorithm misses frame size.

The impact on the time delay (expressed by the mean
number of slots required to identify all tags) for different
fixed C¢ values, and Wu-Q is shown in Figure 4. Results are
provided for both Qinit = 4 and Qinit = 6. As it can be seen,
Cyo should be picked out depending on the number of tags,
which is generally unknown. In addition, by using Qjnit = 6,
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Fig. 4. Q-Selection algorithm performance for different C¢ values.

frame will be missed for any value of Cg which causes great
identification delay.

In the next section we provide a novel, and efficient tag
estimate method called Improved Linearized Combinatorial
Model (ILCM).

III. IMPROVED LINERIZED COMBINATORIAL
MODEL (ILCM)

A. Preliminaries

Derivation of ILCM is based on the calculation of the com-
binatorial model [23], which gives the conditional probability
that the frame will be realized with E empty, S successful and
C collision slots, if there are n tags. This probability is given
with

L! Ngs(n,S)Nc(n, S, C)
E'S!C! L
where frame size L = E 4+ S + C; Ns(n, S) = n!/(n — S)!
represents the number of ways to distribute n tags among
S successful slots, and N¢(n, S, C) stands for the number
of ways to distribute remaining n — S tags in C collision
slots. To provide Nc(n,S,C), the exponential generating
function G(x) = (e¢* — (1 4+ x))¢ and its Maclaurin expan-
sion G(x) = (x2/2! + x3/3! + x*/41 + x3/5! + .- )¢ s
used. Then, N¢(n, S, C) is given by the coefficient of the
term x5 /(n — S)! in the expansion of G(x). Multinomial
coefficient L!/E!S!C! denotes the number of ways to permute
positions of E, S, and C slots, and the denominator L" denotes
the total number of ways to distribute n tags in L slots.

p(E,S,C|n)= (1)
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The decision on the expected number of tags 7 is taken where
p(E, S, C | n) is maximum, i.e.

n= argmrflx{p(E, S,C | n)} (12)

To better understand using of (11), let us consider an
example when n = 8 tags distribute in the frame L = 4,
and the reader collects the information of zero empty, two
successful, and two collision slots, i.e. E =0,5 =2,C = 2.
Then, Ns(8,2) = 56, and Nc¢(8,2,2) is given by the
coefficient of the term x®/6! in Maclaurin expansion of the
exponential generating function (¢¥ — 1 —x)%> = x% — 2xe* +
2x 4 ¢** — 2¢* 4 1. Expansion in terms of x%/6! becomes
x2=2(1/5)6!+2x + (26/61)6! —2(1) + 1 = x> +2x + 1 4+ 50,
i.e. there are N¢(8,2,2) = 50 ways of distributing 6 tags in
2 collision slots. Finally, p(E =0, =2,C =2 |n=28) =
0.2563. To find tag estimate 7, it is necessary to find n when
p(E =0,§ =2,C =2 | n) becomes maximal. Since the
calculus of exponential generating functions for larger n and C
is non-trivial, to calculate p(E, S, C | n) we consider usage
of the open source math tool SAGE (www.sagemath.org), due
to simple handling and operations with generating functions.
To simplify calculations, below we provide the tag estimate
called ILCM.

B. ILCM

ILCM derivation is possible due to the property that tag
estimate 2 and the number of successful slots S are linearly
dependent for the fixed number of collision slots C. To provide
7 with a linear model 71 = fc,(S), it is necessary to calculate
p(E, S, C | n) for all possible outcomes of E, S, C, n in the
frame L, and use maximums to construct lines, where index j,
0 < j < L — 1, stands for the number of collision slots.
Note that in estimation and interpolation procedures we do
not consider cases that result in all collisions, i.e. j = L,
because in that case n can be any large number. Figure 5 shows
an example of exploiting linearity (with lines connecting 7
by changing § for fixed Cj, i.e. i = fc,(S)) for the frame
L =16.

Since the functions fc;(S) within the frame L are lines,
7 in L can be written as i1 = fc,(S) = kS + [, where slope
k = f(C) and n-intercepts I = f(C) should be calculated.
In addition, the issue is that different L have different k and [,
and our goal is to provide model for adapting any frame size,
i.e. to find functions which can interpolate k£ and / reliably for
any L. Values of k and [ in respect to L can be calculated in
different ways which can yield good or less good estimates.
One of its attempts is presented in LCM model [24], where
k and [ are described with quadratic functions (n = f(C, L) =
a(L)C? 4+ b(L)C! + ¢(L)C?) for frames L = 8, 16, and 32.
To encompass multiple frames, functions a(L), (L), and c(L)
are interpolated linearly, resulting in

k = (1.0569 + 0.0115L) + (—0.172 + 0.0022L)C
+(0.0441 — 0.0013L)C?

[ = (—3.840.2336L) + (0.9633 — 0.0314L)C
+(0.2825 — 0.0053L)C?

A=kS+1 (13)



3642
0.12 T
—&— E=3, S=5, C=8
—6&— E=2, 8=10, C=4
0.1 —+— E=2, 8=2, C=12
0.08 i
=
(&)
o 0.06 1
ui
a
0.04 il
0.02 B
[o)s:::
10 60 70
n
—0—=Cy —C ——C; ——C; —@—C; —W—C; —+—C5 —=—C;
——Cy —#—Cy —O0—Ciy ——Cy —o—Ciy ——Ci; —@—Ciy —B—Ciy

Fig. 5. Upper figure presents examples of p(E, S, C | n) distributions for
different frame realizations if L = 16, calculated from (11). Tag estimate
is given by: n = argmax,{p(E,S,C | n)}. Lower figure depicts linear
dependency of the tag estimate 7 and the number of successful slots S in
for the fixed number of collision slots C in the frame L = 16. Examples of
estimates 71, 1o, and 713 are depicted in the both upper and lower figure.

However, LCM interpolation does not work well for smaller
frame sizes, when it can yield negative results and the estimate
for larger frame sizes becomes inaccurate.

In the following subsection we provide functions for the
interpolation, where tag estimation can compete with state-of-
art methods.

C. ILCM Design

To accomplish efficient tag estimation, we interpolated 7
for L = 4,8,16,32, and 64. Using acquired lines we have
interpolated the slope & with k = g(C,L) = C/(F(L) +
G(L)C) + H(L), while [ can be reliably modelled as [ =
f(,L) A(L)tan(B(L)C). In addition we found that
A(L) and F(L) behave linearly, i.e. A(L) = 1.2592 +
1.513L, F(L) 4.344L — 16.28. B(L) is exponential,
B(L) = 1.234L799907  G(L) L/(—2.282 — 0.273L),
and H(L) is logarithm, H(L) = 0.2407In(L + 42.56).
Preview of ILCM interpolating functions is given in
Figure 6.
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Fig. 6. Interpolation functions used for deriving improved linearized

combinatorial model (ILCM).

Finally, such interpolation method yields following tag

estimate method:

c

k_

(43441 — 16.28) + (m) ¢

+0.2407In(L + 42.56)
I = (1.2592 + 1.513L) tan(1.234L %7 ()

n=kS+1

ILCM estimate should be bounded in two scenarios:

(14)

« because the interpolation is given from L = 4 slots, for
smaller frame sizes k may be lesser than 0. Such scenarios

should return £ = 0,

e no collision scenarios (C

estimate. Such scenarios should set 7 = S.

0) involves an error in

ILCM can be efficiently implemented using Algorithm 4.

Presented method is simple to apply and does not involve
the number of calculations before providing its estimate. In the
following section we provide the results obtained from DFSA

tag identification simulations.
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Algorithm 4 ILCM Estimate Implementation
Require: E, S, C.
Ensure: n;rcum.

L=E+S+C
k = (1.2592 + 1.513L) tan(1.234L799907 )
I = C/((4.344L — 16.28) + (L/(—2.282 — 0.273L)C) +
0.2407In(L + 42.56)
1: if £k < O then
k=0
3: end if
nrrem = kS +1
4: if C = 0 then
5 Arpem =S
6: end if

IV. SIMULATION RESULTS

Simulation results are considered for the scenario of the
pallet of products with tags attached, and the pallet is not
moved away from the reader until all tags get identified.
The process of identification in Gen2 RFID system works
through the rounds containing multiple frames within all tags
get identified. After the first frame of the first round is realized,
Q value is changed (according to its tag estimate, Q =
round(log, (7 — S))) and broadcast to tags as an information
for the size of next frame of its round. Current round is
not finished until all tags get identified. Once the round is
completed, reader begins another round to again identify all
tags. In order to obtain convergence of results, simulations
were conducted through exhaustive Monte-Carlo simulation
(10000 random experiments for each number of tags) of
Gen?2 identification process. In our investigations we have not
included radio propagation effects, but these methods can be
applied to the estimate as done in [25]. Described identification
process includes two specific cases which we consider in our
simulations:

o To sense the environment, first frame size should be set
to some value regarding the nature of the identification
process. The impact on choosing a correct first frame
size is investigated in [18]. Larger first frame size for
the larger tag number will reduce tag identification time
due to reduced number of collisions. But, if a number
of tags to be identified is lesser, larger size of the first
frame will cause delay due to a large number of empty
slots occurred. Following [9] we set the first frame size to
Qinit = 4. Additional results are provided for Qjpit = 6.

« Another issue in the simulation is the all-collision sce-
nario. In such scenario, it is not possible to extract any
information without a priori knowledge on tag distri-
bution in the area of interrogation. All-collisions may
be caused by any large number of tags. In all-collision
scenario we set next frame size to Quewy = Qcurrent + 2.

In this paper, for the all-collision scenario we consider the
usage of equation (14) to provide the estimate in such sce-
narios, where (14) for C = L becomes n = [ = (1.2592 +
1.513L) tan(1.234L 7999971 depicted in Figure 8.
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Fig. 8. ILCM tag estimate in the all-collision scenario.

More detailed performance comparison of ILCM algorithm
and Q-Selection is given in [27]. Comparison between (13)
and (14) for mean number of slots required to identify tags is
depicted in Figure 7. LCM is designed only for L = 8§, 16,
and 32. For frames L < 8 it gives negative value estimates,
and there has to be bounded with Q = 3, if 0 = round(log,
(n—S)) < 3. However, where designed, LCM performance is
close to the superior ILCM.

State-of-art tag estimates were implemented by algorithms
provided in the Section II. Mean number of slots required to
identify tags is given in Figure 9. Results are presented for
Gen2 process of identification for the Qjni; = 4 and Qjnit = 6
including Vahedi, Chen, Vogt and ILCM estimate. Perfect
estimate stands for n = n., where n, is known number of
tags. As it can be seen from Figure 9, the mean number of
slots to identify tags largely depend on the initial frame size.
The more appropriate frame size is, the estimator error will
be lower, which minimizes tag identification time. Hereby we
do not include the comparison with Q-algorithm, since the
constant Cg should be chosen by a priori knowledge of the tag
distribution (see Fig. 4). From the results it can be concluded
that the estimator error is negligible, and the estimate result
does not depend on the chosen method. This is mainly due to
a relatively large span of tags which fits to the estimated Q,
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Fig. 10. Multinomial coefficient values that have to been computed for tag
estimate in Vahedi and Chen method, for the first Qjnit = 4 and Qjpjt = 6.

making the estimation error insignificant. Therefore, more
attention should be given to algorithms implementation costs.
Vahedi and Chen estimates include computations of factorial
operations within multinomial coefficient which can yield
large numbers required for temporary storage. Such large
numbers which appear prior estimate are depicted in Figure 10.
Real world implementation strongly depends on the reader
Digital Signal Processor (DSP) architecture, and may become
an issue regarding the size of processor registers and a way
numbers are stored. This issue may be avoided by using the
logarithmic approach described in [15]. Instead of looking for
the minimum/maximum of the probability distribution, one can
look for its logarithm since the minimum/maximum relation
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TABLE II
FLOATING POINT OPERATION COSTS [15] AND [26]

Operation | FLOP cost |
Addition, subtraction, multiplication 1
Comparison operation 2
Division, square root 10
Exponential, logarithmic and trigonometric function 50
Factorial 100
1010 Qinit=4
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= =Vahedi max
=—Chen mean
10° ==Chenmax H
—\Vogt mean
- = =Vogt max
2 & —ILCM mean
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Fig. 11. Floating point operations cost to identify tags in Gen2 process of

identification (Qjnit =4 and Qjpit = 6).

will stay the same. However, to apply this one needs to keep
logarithms of factorials in the memory and call for the required
value once needed. This brings up memory requirements
instead of calculating factorials. Our observations did not
consider this approach, since in the analysis of results we
assume that the whole code has been ran within the processor
cache.

FLOP costs actually depend on the DSP architecture. How-
ever, to evaluate total cost we used same values as in [15]
and [26], given in Table II. Results of FLOP cost in process
of tag identification (Qinitr = 4 and Qinir = 6) are shown
in Figure 11. As it can be concluded, ILCM provides the
lowest cost in FLOP operation for its estimate. Due to ILCM
estimate low FLOP cost, and DSP performance in Floating
Point Operations Per Second per watt (FLOPS/watt), one
may consider peak performance in tag identification delay
along with saving the energy for the estimate computation.
To elaborate what is the actual saving cost, in the next two
subsections the case study on the real-world mobile RFID
reader implementation is provided.
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Fig. 12. Timing details for each slot type in Gen2 RFID.

A. Timing in Gen2

In Gen2, the interrogation is started by reader transmitting
Query command, which contains reader-tag interrogation
parameters, including the size of frame Q. Upon receiving
0, tags initialize slot counters to random value between
0 and 29-1, and the reader after interrogating slot decrements
tags slot counters using QRep command. When tags slot
counters become zero, tags respond with the 16-bit random
number RN16, which reader acknowledge with ACKRN16
command. After successful decoding of ACKRN16, tags
complete their response by sending its ID, i.e. Electronic
Product Code (E PC). If a collision occurs, RN16 could not
be correctly detected and the reader it that case sends another
QRep to continue tag interrogation. Gen2 DFSA slots are
units of time, where their exact durations are depending on the
reader-tag interrogation parameters. Figure 12 gives all colli-
sion, empty and successful slots time details of Gen2 protocol.
Our simulations use the 394kbps tag-reader link rate (data
available in [28]), where timing details are shown in Table IV.
Note that Gen2 supports 40kbps-640kbps tag-reader link rates,
which has the great impact on tag identification delay (the
impact on choosing different timing in terms of Q-algorithm
performance is given in [29]). Chosen timing details are picked
in that way due to energy saving discussion described in the
next section. Using given timing, the throughput in terms of
tags/s can be calculated as the ratio of successfully read tags
divided with the duration of the frame

Ng
Tg - NE +Tc - Nc +Ts - Ns + Tguery

where Ng, Ng, Nc are the number of successful, empty and
collision slots, and Ts, Tg, T¢c are their time durations. Gen2
throughput in terms of tags/s for timing specified in Table IV is
shown in Figure 13, where it can be seen that changing the slot
type duration affects the policy of choosing optimal Q. There-
fore, the optimal Q values for given timing are given in Table
II, and the tag identification time in Figure 14. The results are
provided for Vahedi, Chen, Vogt, ILCM, perfect estimate, and
Wu-Q algorithm. It can be seen that ILCM needs the minimum
time to identify tags. Further, it can be seen that Wu-Q algo-
rithm becomes unstable for Qjni = 6, which is not the case
for the other described tag estimate methods (see Figure 9).

tags/s = (15)
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TABLE III
ACHIEVING MAXIMUM THROUGHPUT - Q-BINS
OBTAINED FROM THE FIGURE 13
Q 0 1 2131 4 5 6 7 8 9
Nomin - 21417 16 | 33 67 136 | 274
Nmazx 1 - 3 6 15 | 32 | 66 135 | 273 549
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Fig. 14. Tag identification delay in Gen2 process of identification (Qipit = 4)
for timing specification in Table IV.

TABLE IV
GEN2 READER INTERROGATION PARAMETERS

Parameter | Duration Parameter | Duration
Tari 6.5us Ts 25.381us
RTCal 16.25us PRT 57.594us
BLF 394kHz TFS 35.25us
T1 20.84us TQuery 236.34us
T2 7.61us Tack 181.5us
TRext 1 ToRep 67.75us
M 1 Ts 1.1ms
TrN16 126.9us To 223.11us
Tepc 695.43 us Tg 113.97us

B. Energy Efficiency Discussion

The importance of power saving for mobile RFID readers
is elaborated in [30]. The focus is on the saving of the
radio-power, since it is the main battery consumer. Authors
also report that the mobile RFID reader battery drain out
after 1.5 hours if the reader output power is set to the
maximal value. In some scenarios the required output power
can be reduced. Therefore, we consider the typical applica-
tion of pallet bearing tagged products for fast identification.
To consider power levels which are required in that scenario,
we look for the tag sensitivity, i.e. for the transmit power level
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TABLE V
TAG ESTIMATE IMPLEMENTATION COST TO IDENTIFY 250 TAGS

Algo Order te [ms] Ee [ml] Er [mJ] ﬁ [%]
mean max mean max mean | max mean max
Vogt O(n) 1.3 9.1 0.97 6.8 5.71 7.67 14.52 46.99
Chen O(n) >0.53 >53 >0.4 >4 5.69 7.52 >6.56 >34.72
Vahedi | O(nC?) >1389 | >28954 | >1038 | >21628 5.67 7.35 | >99.46 | >99.97
ILCM O(1) 0.1 0.2 0.074 0.149 5.49 5.79 1.33 2.51

needed to establish reader-tag communication. According to
the [28], required power level to power-up the state-of-the-
art tag (Alien ALN-9640) is about -15dBm (for parameters
specified in Table IV [28]). In typical pallet scenario (pallet
dimension of 1.2mx 1m) required reading range could be set to
2 meters in order to identify only pallet tags. Therefore, reader
output power in that scenario to read tags can be calculated
as [28]

j' 2
Ptag = Preader + Greader + Gtag + (m) [dBm] (16)

where Py is tag sensitivity, Greqder and Gyqg are reader and
tag antenna gains (both in dBi). 4 = ¢/f stands for the wave
length (¢ ~ 3 - 10%m/s, f is the system frequency), and d is
the distance between reader and tag. Typical Gen2 reader-tag
settings include G eqger = 6dBi and G4, for ALN-9640 tag
is about 1.5 dBi [28]. 4 for f = 900MHz, equals 0.33m, and
the system required distance equals 2m. Then for tags which
have sensitivity of -15dBm, required output power from (16)
iS Pregder = 15.04dBm (31.91mW), or even less for Battery
Assisted Passive (BAP) RFID tags [30].

Tag estimate algorithms implementation cost details are
hardware depending. To approximate total costs, we provide
some numbers which allows revealing further insights in
energy consumption. At first, it is important to note that ARM
processors for mobile applications generally do not support
floating point arithmetic, since they do not own floating point
units. In such cases, calculus is usually being solved on
the upper programming levels, using dedicated programming
libraries. As a consequence, calculations are slow and should
be minimized whenever possible. To demonstrate the algo-
rithms feasibility in terms of power consumption we have
considered Intel PXA270 microprocessor [31] (used both in
mobile and fixed readers [32], [33]), which benchmarks in
terms of floating point operations is online available [34],
and report the time of 50.9ns (with the power consumption
of 747mw [31]) to make an floating point multiplication,
i.e. 1 FLOP. Further, total algorithm costs is calculated as
t = w + g, where w stands for the FLOP cost, and ¢ is
the number of bytes of data exchanged between processor
and memory [35]. To simplify the observations we consider
t = w, since we assume that all of the code can be performed
within the cache memory of the processor. This might not
be always the case, but it represents the lower bound costs
observation. Using described hardware performances, and the
time required to identify 250 tags (Fig. 14), the energy con-
sumption details are summarized in Table V. Results are given
for PXA270 processor tag estimate implementation cost to

identify n = 250 tags. f. stands for the computation time of the
algorithm, E. is the energy cost for the estimate computation,
and E, stands for the reader radio front-end energy costs
(Pout = 31.91mW). It can be seen that ILCM algorithm
provides the lowest energy costs to compute estimate, along
with the least energy required to identify tags. Note that
Vahedi’s and Chen’s methods performances are given in lower
bound terms due to multinomial coefficients which calculus is
not directly supported with PXA270 32-bit architecture. This
could be solved through additional software libraries, making
the calculus more sophisticated. Note that Wu-Q algorithm is
the most efficient in terms of requested calculus to provide the
estimate. However, to use it for different Qjpj; it would need
further optimization, making the estimate computation more
complicated.

Approach in reducing energy costs is of the great impor-
tance in building Internet of Things (IoT) environment, where
the new, energy efficient and cheap readers are to be employed
for the ubiquitous sensing applications. As an example, authors
in [36], report 40USD reader (using MSP430F5510 processor,
allowing 25MIPS (integer operations)).

V. CONCLUSION

In this paper we analysed state of art algorithms of tag
estimate in DFSA-based RFID systems. Along the analysis on
their performance through efficient implementation, we pro-
vided the method called Improved Linearized Combinatorial
Model (ILCM), which yields the estimate by calculating only
parameter (k and /), allowing to yield an reasonable estimate
even in all-collision scenario. Performance comparison shows
that ILCM behaves similarly to the state of art algorithms in
terms of tag identification delay (slots), but its computational
complexity is lower, which is of the most interest to mobile
RFID readers where reduction in FLOP cost may extend
battery lifetime. Presented results shows the importance of
real energy savings. Results are given through the use-case
scenario for the concrete RFID Gen?2 settings, where for given
tag identification scenario, energy wasted on computation is
comparable to the energy used by the radio front-end.

Future work will include implementation of given algo-
rithms on Software Defined Radio Gen2 application [37]
similarly as [24], including complete analysis on Gen2 system
real performances (incorporating radio propagation effects).
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