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Abstract

In this paper, we present a power adjustment scheme to dynamically enlarge
and shrink power coverage to speed up tag identification in an RFID system.
By dividing a TDMA frame into time slots, the proposed power adjustment
scheme can adaptively increase or decrease the transmission power of a read-
er. Specifically, due to the contention for a TDMA slot from numerous tags,
three states of a slot could exist; they are respectively referred to as successful,
collided, and idle states. An adjustment factor based on the three states is de-
signed to dynamically adjust the transmission power of a reader. The design
of the adjustment factor considers two different aspects. When the number of
idle state far exceeds the number of collided state, the first aspect will enlarge
the power such that more tags within the coverage can be concurrently iden-
tified. On the other hand, when the number of idle state is much smaller than
the number of collided state, the second aspect will shrink the power such
that the number of tags within the coverage is significantly reduced. The
proposed power adjustment scheme is simulated using NS-3. In the simula-
tion, we design three different topologies which place tags in three distribu-
tions, uniform, random, and hotspot. From the simulation results, we dem-
onstrate that the proposed power adjustment scheme can speed up the tag
identification and save energy consumption, particularly when a large num-
ber of tags are placed in hotspot distribution.

Keywords
RFID, TDMA, Tag Identification, Dynamic Power Adjustment, NS-3

1. Introduction

Along with the increasing requirements for facilitating the convenience in our
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living environments, the technology of RFID (Radio Frequency Identification)
has been widely deployed. An RFID system consists of a reader and a large
number of tags. There are many existing applications using RFID today, for ex-
amples, tagging a vehicle for electronic toll collections (ETC), tagging a passing
card for subways, tagging merchandise in supermarkets, etc. In these applica-
tions, a reader usually needs to read hundreds or thousands of tags’ ID in a short
time. Yet, simultaneously reading more than one tags’ ID may create collisions
in a reader system. Thus, in recent years, how to effectively and speedily read
tags’ ID form a reader has become an important research subject.

Differentiated by the media access control, previous work on resolving the
collisions in an RFID system can be divided into four categories, FDMA (Fre-
quency Division Multiple Access), CSMA (Carrier Sense Multiple Access),
SDMA (Space Division Multiple Access), and TDMA (Time Division Multiple
Access). In FDMA, multiple channels in terms of different frequencies are used
among different readers to avoid collisions. For example, Yu, et al. [1] assumed
that a reader before it begins to read tags’ ID would issue a beacon message to
alarm the neighbor readers. In CSMA, a tag will detect the busy or idle state of a
carrier before it can transmit back its ID to the reader. For example, Leonardo et
al [2] proposed a P-persistent scheme to resolve the collisions among tags,
where P is the probability for a tag to begin to transmit or continue to listen
when an idle state of a carrier is detected. In SDMA, directional antenna was
used to divide the space into different sectors such that the collisions of the tags
in different sectors can be avoided. For example, Kim et al. [3] proposed a me-
thod for a multi-antenna reader to confirm the successful reading when it reads
tags’ ID in different sectors.

Besides the above mentioned three categories, TDMA noticeably attracts the
most attentions to researchers. A TDMA frame consists of multiple slots where a
tag uses a slot (considered as a channel) to transfer back its ID to a demanding
reader. Yet, collisions may occur when more than one tag pick up the same slot.
Most of the researchers in TDMA therefore work on a model to estimate the ap-
propriate number of slots in a frame based on different levels of collisions. For
examples, Onat, et al [4] proposed a polynomial theorem which can estimate
the number of slots in a frame suitable for reading a large number of tags. Luo,
et al. [5] proposed a method which can estimate the number of unread tags
based on the ratio of collision slots. Similarly, Zhu, et al. [6] built a Markov
chain model to estimate the number of unread tags in a frame. Zanella, et al [7]
proposed a method to dynamically adjust the frame size to cope with the num-
ber of tags, assuming that the tags would follow Poisson arrivals. Xu, et al [8]
proposed an improved RFID anti-collision algorithm (IAA), which adjusts the
frame size based on the number of collided tags in a slot. Wang, et al. [9] pro-
posed a method using the minimized mean square error to estimate the number
of tags for determining an appropriate frame size. Chen, et al [10] proposed a
lottery frame (LoF), which can estimate the number of tags to effectively reduce

the tags’ identification time. Other researchers focused on a tree-splitting algo-
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rithm, which estimates the number of tags to dynamically adjust the frame size.
For examples, Porta, ef al. [11] [12] proposed a binary-tree splitting to estimate
the number of tags. Wu, et al. [13] proposed a Q-ary tree splitting algorithm,
which can compute the value of Q based on the ratio between the idle and the
collision slots. To extend the Q-ary tree splitting algorithm, Chen, et al [14] [15]
[16] and Faroogq, et al [17] derived the optimal value of Q through simulation.
On the other hand, some researchers adjusted the frame size by dividing the tags
into a number of groups. For examples, Qiao, et al [18] and Wang, ef al [19]
proposed a matching and grouping algorithm, which used the average estimate
method to divide tags into n groups; each group was adjusted to fit a different
frame size. Su, et al [20] proposed a method using Chinese remainder theory to
divide the tags into several overlapping groups. Finally, Tseng, et al [21] pro-
posed the spread partial-Q slot count (SPSC) algorithm, which divided tags into
different sectors based on the receiving power of tags. The authors demonstrated
that a reader using SPSC can significantly reduce the collisions when a large
number of tags are to be identified.

The previous work resolved the collisions in an RFID system using TDMA
either by adjusting the size of a frame or by dividing the tags into different
groups. In this paper, without paying the cost in frequently varying the frame
sizes or aforetime dividing the tags into several groups, we propose a dynamic
power adjustment (DPA) scheme to speed up the tag identification time. The
proposed DPA increases or decreases the transmission power of a reader based on
three states (successful, collided, and idle) of a slot in a TDMA frame. Two aspects
are considered in adjusting the transmission power. The first aspect increases the
power to read more tags, if the number of idle state far exceeds the number of col-
lided state. The second aspect cut power to reduce the number of readings, if the
number of idle state is much smaller than the number of collided state.

The remainder of this paper is organized as follows. In Section 2, an RFID
system and the format of a tag’s ID are introduced. In Section 3, we propose a
dynamic power adjustment scheme for a reader to speed up the tag identifica-
tion time. In Section 4, simulation on NS-3 is performed and the results are dis-

cussed. Finally, conclusion remarks are drawn in Section 5.

2. An RFID System

Figure 1 shows an application of an RFID system. The system consists of a
reader, numerous tags, and an Internet server associated with a database. The
reader periodically issues a broadcasting request message using radio frequency
(RF) to all the passive tags. Once receiving the request, a tag should respond
with its unique ID by picking up a slot in a TDMA frame. After successfully
reading a tag’s ID, the reader will send it, over wired or wireless media, to an In-
ternet server, which stores the tag’s ID in a database for the future use.

Figure 2 shows the format of a tag ID, defined in EM 4100 protocol [22]. The
ID consists of 64 bits using Manchester codes. The first 9 bits are all 1’s,
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representing the start communication bits. D00 to D07 are the version number
or customer ID. D08 to D39 are the 32-bit unique ID for a tag. Using even pari-
ty, PO to P9 are the row parity bits, while PCO to PC3 are the column parity bits.
At last, SO (set to 0) is the stop bit of the ID.

3. Dynamic Power Adjustment

1) Three States of a Slot

As shown in Figure 3, in the proposed DPA, we design TDMA frames, ap-
pearing from Frame 0 to Frame n for a reader to quickly identify tags. A TDMA
frame consists of m slots, numbered from 0 to -1, and followed by a bit map
with m bits. The size of each slot is large enough to accommodate the 4 bits of a
Tag ID; for example, k = 64 bits in EM 4100. A slot has three states, successful
(in blue color), collided (in red color), and idle (in white color). A successful
state denotes that a slot is picked by exactly one tag. Thus, a tag ID can be suc-
cessfully read because no collision occurs. On the contrary, a collided state can-
not return any tag ID to the reader since more than one tag pick the same slot.
An idle state simply denotes a state without tag selection. To inform a tag
whether the selection of a slot is successful or collided, we design the m-bit map,
where 0 denotes the selection of a slot is successful and 1 denotes the selection is
unsuccessful (or collided). Notice that initially Frame 0 carries only the m-bit
map with all bits being set to 1. Let’s use Frame 1 as an example. Slot 0 is in the
successful state (in blue color), since it is picked by exactly one tag. Hence, the
first bit of the bit map is 0. However, slot 1 is in the collided state (in red color),
since it is picked by more than one tag. Thus, the second bit of the bit map is 1.

2) Factor to Adjust the Power

To reduce the collisions, the proposed DPA increases or decreases the trans-
mission power of a reader based on the three states of a slot. In other words, re-
ducing transmission power of a reader will reduce the coverage. As a result, the
number of tags to be identified is reduced. On the other hand, increasing trans-
mission power of a reader will increase the coverage, which in turn increases the
probability of collisions. Figure 4 illustrates the transmission power of a reader
versus the coverage of tags. Table 1 shows the parameters and their definitions
used in the DPA.

Based on the three states of a slot, a factor (F) to adjust the transmission pow-
er is computed as shown in Equation (1), where 7 denotes the number of idle
slot, C denotes the number of collided slot, and $ denotes the number of suc-
cessful slot. Specifically, if Fis positive and greater than one, then the transmis-
sion power of a reader is enlarged by multiplying £ Notice that the second term
in Equation (1) is always greater than one. Thus, if /is greater than C, then F

F:[énsicj W

Equation (2) is used to compute the transmission power (P, ) of a reader at

should be greater than one.
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Frame n + 1 from the transmission power ( P,) of a reader at Frame n. Since any
one of the three parameters, S, C and / could be zero, we have to design another
four parameters, A, A,, A,, and A,, as shown in Equation (3), for power
adjustment. In Equation (3), m is the total number of slot in a frame and £, is
the minimum transmission power of a reader. A, is positive or negative de-
pending on whether Fis greater than or smaller than one. A, is always positive
and it is designed when C=0 and I #0. To the contrast, A, is always neg-
ative and it is designed when C#0 and /#0. Finally, A, is positive or
negative depending on whether 7/is greater than or smaller than C. It is noticed
that P

n+l

is no change from P, aslongas S#0, C=0,and /=0.

P +A,if §S#0andC#0and [ #0
P +A,,if C#0and ] +#0

=yP +A,,if C0and /=0 (2)
P +A,,if S=0andC#0and /#0
P ,if S20andC=0and 7 =0

n

n+l

A =(F-1)xF,

I I
A, =—X X
*m S+1 "

(3)
A3:—[£>< ¢ xE))
m S+C

A4=I_C><PO

m

We illustrate the proposed DPA with two scenarios, as shown in Figure 4(a)
and Figure 4(b), respectively for the decrease and increase of the transmission
power of a reader. In Figure 4(a), since the number of collided slot far exceeds
the number of idle slot, from Equation (1) we know F should be smaller than
one. From Equation (3), we know A, becomes negative. Thus, from Equation
(2), P, is decreased from P, by deducting A, . On the other hand, in Fig-
ure 4(b), since the number of idle slot far exceeds the number of collided slot,
from Equation (1) we know Fis greater than one. From Equation (3), we know
A, becomes positive. Thus, from Equation (2), P, is increased from P, by
adding A, .

Figure 5 shows the operation flow of a tag. When a frame arrives, a tag ex-
amines whether the bit (representing the chosen slot in the bit map) is one; if it
is not one, the tag’s ID is successfully transmitted to the reader; otherwise, the
tag will have to choose a slot again in Frame n+ 1.

Figure 6 shows the operation flow of a reader. When a frame (Frame 1) be-
gins, the reader examines the status of every slot in the frame. Depending on the
slot status, the reader marks m bits one by one in the bit map; it marks a bit as
one if a collided slot, and zero if a successful slot. The reading of tag’s ID is com-
pleted, if all slots are idle; otherwise, the reader will examine the three parame-
ters, S, G, and 7 for the corresponding power adjustments, as described in Equa-
tion (2) and Equation (3).
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Server

. Reader

Tag ID

Ttem

Figure 1. A reader and numerous tags in an RFID system.

DO1 D02 D03 PO 9 bit header bits, all 1’s
8 bit version number
or customer ID.
D04 DO5 DO6 D07 PL:
D08 D09 D10 D11 P2
D12 D13 D14 D15 R3]
D16 D17 D18 D19 P4
D20 D21 D22 D23 P5 Each group of 4 bits is followed by an even parity bit
32 Data Bits
D24 D25 D26 D27 P6
D28 D29 D30 D31 P7:
D32 D33 D34 D35 P8
D36 D37 D38 D39 P9
4 column Parity bits PCO PC1 PC2 PC3 S0 1 stop bit (0)

Figure 2. Format of a Tag ID.

Frame O ‘ 1 1 .- 1 ‘

G- I)l

nm l

(m > k) bits bits 4—|

frame = ._-—l ’

Frame 1

Frame ~ . . - B °

Figure 3. Three states of a slot in a TDMA frame.
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(®)

Figure 4. Two different scenarios of the DPA. (a) Decrease of the
transmission power; (b) Increase of the transmission power.

Frame n begins

If the bit in bit map

for the chosen slot is 1? No-3 B GIsesing B el

Yes

Choose a slot in Frame n+1

A 4

Send ID over a chosen slot

Figure 5. The operation flow of a tag.
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< _>—Idle Slot

Successful Slot

A4
C=C+1 S§=S+1 ‘ I=I+1
Read ID

7

Mark the bit in bit map
as one for the
corresponding slot

as zero for the

Mark the bit in bit map
corresponding slot
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S#0 and C#0 and /#0 C#£0 fid I£0 C%OIF] 1=0 S=0and C#0 and /#0 S#0 and C=0 and /=0
B =Fy+Ar | | Bu=F+h B =bB+A3 | | Bpy=hH+Ay Pni1 = Py
| |
e Y Yy
( End ) n=n+1;8=0;C=0;1=0
\_ Y,
Figure 6. The operation flow of a reader.
Table 1. Parameters and definitions.
Parameter Definition
S Successful slots in a TDMA frame
C Collided slots in a TDMA frame
7 Idle slots in a TDMA frame
F Power adjustment factor
P Minimum transmission power of a reader
P, Transmission power in the n-th frame
P, Transmission power in the (22 + 1)-th frame
d, Radius of a reader’s minimum coverage
d, Radius of a reader’s coverage in the n-th frame
d,, Radius of a reader’s coverage in the (12 + 1)-th frame
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4. Simulation and Discussions

To analyze the proposed DPA in terms of tag identification time, the number of
undetected tags, and total energy consumption, we perform simulation using
NS-3 with an embedded RFID module. As illustrated in Figure 7, a tag consists
of transmit/receive module, slot-choosing module, and a reader consists of re-
ceiving module, DPA module, and power control module.

To analyze different placements of tags, three topologies of tag distribution,
uniform, random, and hotspot, are designed in the NS-3 simulation, as shown in
Figure 8.

We define the transmission power ( P ) of a reader in Equation (4) and the
energy consumption (EC) of a reader in Equation (5). In Equation (4), P. is
the receiving power of a tag, dis the distance between a tag and its reader, and A
is the wavelength for radio. In Equation (5), T is the total operation time of a
reader. Table 2 shows the parameters and their settings used in the simulation.

Table 2. Parameters and settings in the simulation.

Parameters Settings
Py (Minimum transmission power) 0.05 mW
P, (Receiving power) 3.65 x 1077 mW
P« (Maximum transmission power) 0.53 mW
A (Wavelength) 0.33 meters
m (Slots in a frame) 16 or 64 slots

-
|
i
| auer O Reader receiving
1 module
|
| oo )
| |
N T S R G TR
|
- .
Reader DPA module |
|
|
|
o ) |
(e | |
- - |
|
|
Tag TX/Rec module {Laz sxlg(t)—é:‘l:l(;osmg :
r—f——————— - — — =
|
r —>( SendDown () )—{ >( getPt () j
|
-
. Power control
C )& e
modules
Modified
modules
Augmented
modules
Figure 7. The proposed DPA with RFID modules in NS-3.
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nam: /home/ccnlab/ns-allinor s-2.35/cenarios/testes/taa/rfid.nam

Figure 8. Three different topologies of tag distribution. (a) Uniform distribution;
(b) Random distribution; (c) Hotspot distribution.
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Rx(47rd)2
(R
EC=PxT (5)

4)

From Equation (4) and by substituting P =0.53 mW, P =3.65x10"
mW, A4 =0.33 meters, we can compute the maximum distance (d,, ) between
a reader and a tag, which is about 10 meters. In other words, we assume the
maximum coverage of a reader is 10 meters in the simulation.

By considering the three different topologies of tag distribution, Figure 9(a),
Figure 9(b), and Figure 9(c) compares the number of frames used in a reader
between the proposed DPA and a previous work SPSC [21], which divides the
tags into 4 (SPSC-4) and 10 (SPSC-10) groups, respectively. As it can be ob-
served, although SPSC-4 spends only 5 frames to read 10 tags, the proposed
DPA spends the fewest frames to read tags increasing from 20 to 60, no matter
which tag distribution is applied. In particular, when the number of tag is in-
creased to 60, the proposed DPA significantly outer-performs both SPSC-4 and
SPSC-10 in reducing the tag identification time. It is also noticed that, unlike
SPSC-4 or SPSC-10, the number of frames spent in reading all tags by using the
proposed DPA does not increase largely along with the increase of the number
of tags. It is also interesting to observe that the curve of the number of frames
spent versus the number of tags (increasing from 10 to 60) is even more flat
when the tags are placed in hotspot distribution.

Since a reader in SPSC consistently maintains its transmission power in the
maximum level, it will consume too much power. To the contrast of SPSC, we
introduce two variation versions of the proposed DPA to significantly save the
transmission power of a reader. The first variation is referred to as DPA with
proportionally increasing power from the minimum to the maximum
(PIP-MIM). The second variation is referred to as DPA with proportionally de-
creasing power from the maximum to the minimum (PDP-MAX).

Although both PIP-MIM and PDP-MAX can greatly reduce the power con-
sumed in a reader, the later version (PDP-MAX) may not 100% read all the tags,
since some tags may remain unidentified between the outer coverage when a
larger transmission power is used and the inner coverage when a smaller trans-
mission power is adjusted.

By considering 100 tags placed in the three distributions, Figure 10(a), Figure
10(b), and Figure 10(c) compare the number of undetected tags between the
proposed DPA and its variation, PDP-MAX. In PDP-MAX, the transmission
power is decreased in every frame by proportionally multiplying a factor of 0.9,
0.5, and 0.1, respectively. Since the proposed DPA can dynamically increase or
decrease the transmission power of a reader based on the three states of a slot, it
is observed that all the tags can be read without any missing. However,
PDP-MAX has left a lot of tags unread. It is interesting to notice that decreasing
the power proportionally by a factor from 0.1 to 0.9 does not make big difference
in the number of unread tags when the tags are placed in uniform distribution.

Yet, it does improve to reduce the number of unread tags in both random and
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hotspot distributions. Specifically, as the number of tags is increased to 100, in
these two distributions, using a larger percentage of power adjustment (ie.,
power x0.9) can greatly reduce the percentage of unread tags to 30% (in random
distribution) and 38% (in hotspot distribution), as it is compared to that by us-
ing a smaller percentage of power adjustment (Ze., powerx0.1).

From Equation (4) and Equation (5), we can analyze and compare the energy
consumption (£C) among SPSC, PDP-MAX, PIP-MIM, and the proposed DPA.
However, it is very straightforward to announce that the £Cin SPSC should be
the largest one, since the transmission power of a reader always remains in the
maximum. Additionally, we have no doubt that the £Cin PDP-MAX should be
the smallest one, since it proportionally reduces the power from the maximum
to the minimum in every frame. Yet, from Figure 10, the vast drawback in
PDP-MAX is that a large percentage of tags may remain unread. Hence, in Fig-
ure 11 we would just compare the £C between the proposed DPA and its varia-
tion version, the PIP-MIM.

By increasing the number of tag from 100 to 300, Figure 11(a), Figure 11(b),
and Figure 11(c) show the comparison of ECbetween the proposed DPA and its
variation, the PIP-MIM, for the three distributions, respectively. In the
PIP-MIM, we proportionally increase the transmission power of a reader from
the minimum to the maximum in every frame by two different factors,
powerx1.3 and powerx1.05. As it can be observed, in general, the proposed
DPA has achieved the lowest EC for the three distributions. It is noticed that al-
though the EC in PIP-MIM with powerx1.3 is slightly smaller than that in
DPA when the number of tag is 180 in uniform and 150 in random distribution,
the ECin PIP-MIM increases drastically from 2 m/to 17 m/in hot spot distribu-
tion when the number of tag is increased from 100 to 300. On the other hand,
the proposed DPA exhibits its superiority in that the £C increases very smooth-
ly, no matter which tag distribution is applied; for instance, the £C just slightly
increases from 2 mj/to no more than 5 m/when the number of tag is increased

from 100 to 300 and when they are placed in hotspot distribution.

5. Conclusions

In this paper, we have presented a dynamic power adjustment (DPA) scheme for
a reader to speed up the tag identification time in an RFID system. The proposed
DPA can dynamically increase or decrease the transmission power of a reader
based on the three states of a TDMA slot, successful, collided, and idle. One of
the major contributions of this paper is right in that without paying the cost of
frequently varying the frame sizes and aforetime dividing the tags into different
groups, the proposed DPA outer-performs a previous work (SPSC) in reducing
the tag identification time. Besides, through NS-3 simulation, we have demon-
strated that 1) the proposed DPA can read all the tags under the coverage with-
out any missing as it is compared to a proportionally decreasing power scheme
(the PDP-MAX); 2) the proposed DPA consumes significantly less energy as it is

compared to a proportionally increasing power scheme (the PIP-MIN).
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Figure 9. Number of frames used for three distributions. (a) Uniform distribution;

(b) Random distribution; (c) Hotspot distribution.
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Figure 10. Comparison of the undetected tags in three distributions. (a) Uniform

distribution; (b) Random distribution; (c) Hotspot distribution.
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Figure 11. Comparison in energy consumption for three distributions. (a) Uni-
form distribution; (b) Random distribution; (c) Hotspot distribution.
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In the future, the proposed DPA can be extended by considering the possible

movement of tags. Since a tag may move randomly in every direction, a

hop-spot area may move from inner circle to outer circle or vice versa along

with the movement of tags. Therefore, how to systematically predict the move-

ment of tags thus dynamically enlarging or shrinking the power coverage would

become possible.
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