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ABSTRACT This paper presents a scalable uplink multiple access (SUMA) protocol for bistatic Wi-Fi
backscatter systems, composed of a Wi-Fi reader, Wi-Fi helper, and multiple Wi-Fi backscatter tags. SUMA
uses a Wi-Fi reader-initiated dynamic framed slotted ALOHA (DFSA)-based multiple access protocol to
minimize collisions caused by simultaneous Wi-Fi backscatter uplink traffic from multiple Wi-Fi backscatter
tags. In SUMA, the Wi-Fi helper first estimates the number of tags at the start of network operation and
derives an appropriate slot-count parameter (i.e., Q), based on which the frame size is specified. Then, the
Wi-Fi helper adaptively adjusts the value of Q to maximize network performance while continuously mon-
itoring the number of remaining Wi-Fi backscatter tags to detect information. An experimental simulation
was performed to verify the superiority of SUMA. The results demonstrated that SUMA obtained higher
performance in terms of the number of collided and empty slots, delay, and throughput compared with the
legacy DFSA approach adopted in the EPCglobal Class 1 Gen 2 standard.

INDEX TERMS Anti-collision algorithm, battery-free Internet of Things, DFSA protocol, multiple access,

bistatic Wi-Fi backscatter.

I. INTRODUCTION

Backscatter communications harvests energy from ambient
radio frequency (RF) sources, such as TV towers, frequency
modulation (FM) radio towers, cellular base stations, and
Wi-Fi access points (APs), enabling ultralow-power or even
battery-free operation of Internet of Things (IoT) devices and
significantly mitigating the deployment hurdles of many IoT
applications [1]-[3]. Wi-Fi backscatter has recently been con-
sidered a promising solution for achieving a battery-free IoT
paradigm because commodity Wi-Fi APs and Wi-Fi devices
are immediately deployable as the transmitter and receiver
of the backscatter communications architecture, significantly
reducing its deployment costs [4]-[7]. The Wi-Fi backscatter
has a bistatic backscatter system architecture composed of a
Wi-Fi helper (as an RF source), Wi-Fi reader (as a receiver),
and Wi-Fi backscatter tag (as a transmitter), where the
Wi-Fi backscatter tag reflects or absorbs the packets sent
from the Wi-Fi helper to enable the Wi-Fi reader to detect
the tag information [8]-[10]. In such bistatic systems,
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it is common to have multiple Wi-Fi backscatter tags.
Consequently, the uplink communications from the Wi-Fi
backscatter tag to the Wi-Fi reader is highly likely to suf-
fer from frequent collisions, wasting bandwidth and energy
and increasing the transmission delay. Therefore, it is indis-
pensable to support multiple access for efficiently reducing
collisions between multiple Wi-Fi backscatter tags from a
link-layer perspective, which enables the large-scale deploy-
ment of Wi-Fi backscatter systems.

In the literature, many prior studies have suggested the use
of the dynamic framed slotted ALOHA (DFSA) approach
adopted in RF identification (RFID) backscatter systems,
which is a reader-driven anti-collision protocol, because of
its architectural similarity to the Wi-Fi backscatter [10]-[12].
The EPCglobal Class 1 Gen 2 standard uses a DFSA protocol
based on the Q-algorithm, where time is divided into frames
consisting of multiple slots [13]-[15]. Moreover, the frame
size is dynamically adjusted according to the number of
successful slots (i.e., slots used by one RFID tag), collided
slots (i.e., slots used by multiple RFID tags simultaneously),
and empty slots (i.e., unused slots) in the previous frame.
However, if the DFSA approach of EPCglobal Class 1 Gen 2
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standard is used as it is in a bistatic Wi-Fi backscatter system,
it is challenging to provide scalability with respect to the
number of Wi-Fi backscatter tags because its Q-algorithm
uses a fixed value of Q for the first frame, and then adjusts
the value of Q for subsequent frames without considering the
number of Wi-Fi backscatter tags. Consequently, the use of
the existing DFSA approach can lead to frame sizes that are
too large or too small compared with the number of Wi-Fi
backscatter tags in the system, thus creating a large number
of empty slots or collided slots within the frame, causing long
access delays and frequent collisions.

Many studies have been conducted to efficiently sup-
port multiple access for backscatter systems using multiple
backscatter tags from a network perspective. Ma et al. pro-
posed a carrier sense multiple access with collision avoid-
ance (CSMA/CA)-based solution to reduce collisions in the
backscatter system, where the backscatter tags compete with
each other for channel access using a binary exponential
backoff (BEB) algorithm [16]. However, the carrier sens-
ing process in CSMA/CA may require more energy than
the energy harvested from ambient signals; in this case,
the backscatter tag cannot operate properly due to lack of
energy. Yang et al. proposed a time division multiple access
(TDMA)-based solution that enables a central controller to
allocate unique slots to backscatter tags, thereby achiev-
ing collision-free backscatter communications [17]. How-
ever, this solution often suffers from high computational and
operational complexity, resulting in wasted bandwidth and
energy, especially in low contention situations. Thus, it may
not be suitable for an energy-limited backscatter system.
Khandelwal et al. proposed a DFSA-based solution to reduce
collision probability by adaptively adjusting the frame size
based on the estimated number of backscatter tags [18].
However, it suffers from high computational overhead and
performance degradation due to estimation errors. In [18], the
reader should estimate the number of backscatter tags at the
beginning of every frame. In addition, it uses only the number
of empty slots in the previous frame as input to estimate the
number of backscatter tags. Then, the frame size is simply
determined in proportion to the number of backscatter tags.
This causes estimation errors and may degrade network per-
formance. Furthermore, the estimator cannot be used when
the number of empty slots is zero due to the mathematical
errors of the estimator.

In this paper, we propose a scalable uplink multiple access
(SUMA) protocol for bistatic Wi-Fi backscatter systems.
SUMA aims to provide a multiple access solution with scal-
ability under environments where multiple Wi-Fi backscat-
ter tags exist, thereby minimizing collisions caused by
simultaneous backscatter uplink traffic from multiple Wi-Fi
backscatter tags and enabling the practical deployment of
battery-free IoT devices. Accordingly, SUMA enhances
a Q-algorithm of the DFSA protocol adopted in the
EPCglobal Class 1 Gen 2 standard so that the value of Q
for the frame can be adaptively changed according to the
number of Wi-Fi backscatter tags. In SUMA, the Wi-Fi helper
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estimates the number of Wi-Fi backscatter tags by repeatedly
counting the number of successful, collided, empty slots
during a specific period from the start of network operation
and derives an appropriate value of Q based on the estimated
number of Wi-Fi backscatter tags. The Wi-Fi helper monitors
the number of remaining Wi-Fi backscatter tags to detect
the information, based on which the value of Q is adap-
tively adjusted every frame to maximize network through-
put. An experimental simulation was conducted to verify the
superiority of SUMA. The results demonstrated that SUMA
outperformed the DFSA protocol of the EPCglobal Class 1
Gen 2 standard in terms of the number of collided and empty
slots, delay, and throughput compared.

The rest of this paper is organized as follows. Section II
describes the related works. In Section III, we present the
design of SUMA in detail. Section IV details its simulation
configuration and results. Finally, Section V concludes the

paper.

Il. RELATED WORKS

Efficient multiple access—scalable to the network size—
must be supported to enable practical adoption of Wi-Fi
backscatter communication. However, to the best of our
knowledge, there is still no multiple access protocol for ded-
icated use in Wi-Fi backscatter communications to address
the collision problem from a link layer perspective. Note
that the multiple access solutions proposed in [16]—[18]
aims to reduce collisions between multiple backscatter
tags in conventional or monostatic backscatter system
(e.g., RFID system). Nevertheless, they are difficult to be a
dedicated approach for bistatic Wi-Fi backscatter communi-
cation because of the difference in their system model. More-
over, existing studies [8]-[10] on bistatic Wi-Fi backscatter
communication have focused on establishing a communica-
tion link with a single Wi-Fi backscatter tag, and thus it is
necessary to discuss the existing multiple access protocols to
solve the collision problem under environments where mul-
tiple Wi-Fi backscatter tags exist. Therefore, in this section,
representative multiple access solutions designed to address
collisions in wireless communications are investigated to dis-
cuss their applicability to Wi-Fi backscatter communications.

A. CSMA/CA-BASED MULTIPLE ACCESS

Many wireless network standards, such as IEEE 802.11x
and IEEE 802.15.x, specify medium access control (MAC)
protocols that use a CSMA/CA-based approach to reduce
collisions between devices [19], [20]. CSMA/CA enables
all devices in the same network to have a random chance
of accessing the wireless medium through the BEB algo-
rithm [21]-[23]. Specifically, in CSMA/CA, each device
randomly selects the number of slots between zero and the
minimum contention window minus one (CWp,in—1). It then
waits until the number of slots reaches zero and attempts the
packet transmission to the intended receiver. If a collision
occurs, the device doubles CW,,i, and selects the number
of slots again using the increased contention window (CW),
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which can only be increased up to the maximum contention
window (CWpax). Naderi er al. [24], Kim et al. [25],
Ha et al. [26] proposed CSMA/CA-based MAC protocols
for wireless powered sensor networks (WPSNs) in which the
energy harvesting sensor devices adjust contention parame-
ters such as slot time, inter-frame space, and CW size to coor-
dinate both energy harvesting and data transmission among
one another. In [27], [28], the authors proposed extended
CSMA/CA protocols for energy harvesting-aided wireless
local area networks (WLANS), which adaptively manage the
backoff process of devices according to the residual energy
level and the amount of energy consumed to transmit data.

This CSMA/CA-based approach can significantly reduce
collisions between Wi-Fi backscatter tags. However, Wi-Fi
backscatter tags using the CSMA/CA-based approach require
much more energy than they can harvest to repeatedly per-
form a clear channel assessment (CCA) carrier sensing oper-
ation, used to verify whether the channel is busy. A Wi-Fi
backscatter system cannot afford to use CSMA/CA in terms
of energy, and thus it is not suitable for providing scalable
multiple access to multiple Wi-Fi backscatter tags.

Kellogg et al. [10], Bharadia et al. [8], and Ji et al. [29]
proposed link layer protocols for bistatic Wi-Fi backscatter,
which commonly uses a special packet, Clear to send (CTS)-
to-Self, to prevent interference from neighboring legacy
Wi-Fi devices. When the neighboring Wi-Fi devices receive
CTS-to-Self from a Wi-Fi helper, they defer their transmis-
sions by setting a network allocation vector (NAV). However,
the use of CTS-to-Self is not sufficient to support successive
transmissions of the Wi-Fi backscatter tag because it can
cause the legacy Wi-Fi device to defer its transmission by
only up to 32 ms. Moreover, this interference prevention
using CTS-to-Self cannot be applied to the operation of multi-
ple Wi-Fi backscatter tags that repeatedly reflect or absorb the
packets transmitted from a Wi-Fi helper rather than the legacy
Wi-Fi devices. Kwon et al. [9] proposed a priority-based
channel access protocol for Wi-Fi backscatter uplink commu-
nications, enabling the Wi-Fi helper to occupy the channel
dominantly by tuning several CSMA/CA parameters, such
as the distributed coordination function inter-frame space
(DIFS), CWpin, and CWyy,x. However, in [9], the authors
considered a bistatic Wi-Fi backscatter system with a single
Wi-Fi backscatter tag; consequently, when multiple Wi-Fi
backscatter tags are used, it suffers from an unpredictable
delay due to frequent collisions.

B. DFSA-BASED MULTIPLE ACCESS

From the link layer perspective, contributions for the mul-
tiple access technique of backscatter communications have
occurred primarily in the study of the RFID backscatter
system, which has a monostatic architecture composed of
passive RFID tags and a reader [30]-[33]. The EPCglobal
Class 1 Gen 2 standard was developed for RFID commu-
nications in which the battery-free RFID tags modulate and
reflect the RF signals sent from a reader to response their data
to the reader [13]. The EPCglobal Class 1 Gen 2 standard
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minimizes collisions between multiple tags by adopting a
DFSA-based anti-collision protocol using the Q-algorithm.
In the DFSA-based anti-collision protocol of EPCglobal
Class 1 Gen 2 standard, time is divided into multiple frames
consisting of multiple slots, and the reader sends a Query or
QueryAdjust command to inform the RFID tags of the frame
size (i.e., the number of slots in a frame) at the beginning of
each frame. The Query and QueryAdjust commands are used
to inform the initial and adjusted frame sizes, respectively.
Upon receiving one of these commands, the RFID tag sets
its slot counter to a random value between [0, frame size—1]
and decrements it by one whenever receiving the QueryRep
command. Then, the RFID tag responses its data to the reader
when the slot counter reaches zero. The QureyRep command
is repeatedly sent at the beginning of each slot except the
first slot of the frame. The reader reduces collisions between
multiple RFID tags by adjusting the frame size using the
Q-algorithm, in which the frame size is 22, The reader
dynamically determines the slot-count parameter, Q, based
on the number of empty slots and collided slots.

Fig. 1 depicts the operation of the Q-algorithm adopted
in the EPCglobal Class 1 Gen 2 standard [13]. Qp is
the floating-point representation of Q. In the Q-algorithm,
the reader maintains Qy, and updates it in each slot. The initial
value of Qy, is fixed to 4.0 and varies between the minimum
value (i.e., zero) and the maximum value (i.e., 15). At the
beginning of the frame, the reader rounds Qy to gener-
ate Q expressed as an integer value and sends a Query or
QueryAdjust command including Q to inform the RFID tags
of the frame size. Then, the reader updates Oy, based on the
number of responses from RFID tags received in each slot.
If the number of responses is zero (i.e., empty slot), Oy, is
decremented by a constant value, A, determined in the range
of [0.1, 0.5]. In contrast, if there are two or more responses
(i.e., collided slot), Oy, is incremented by the same A. If there
is only one response in a slot, O, remains the same as the
previous slot. However, the Q-algorithm of the EPCglobal
Class 1 Gen 2 standard initializes the frame size using a
fixed value of Qp, and then adjusts the frame size without
considering the number of RFID tags in the system. Thus, it
increases the number of collided and empty slots in the frame,
causing a delay and degradation in throughput performance.

s Q=round(Qy) | <
Query(Q)

Number of Tag
Responses

Q/p: max(0, Q,p —A) Q,p: min(15, Q/p+ A)

FIGURE 1. Q-algorithm in EPCglobal Class 1 Gen 2 standard.
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Furthermore, it is difficult to apply it as it is to a bistatic
Wi-Fi backscatter system composed of the Wi-Fi reader,
Wi-Fi helper, and Wi-Fi backscatter tags because of the
monostatic architecture of the RFID backscatter system.

lIl. DESIGN OF SUMA

SUMA is designed to minimize collisions caused by
simultaneous Wi-Fi backscatter uplink traffic from multi-
ple tags. Accordingly, it provides a Wi-Fi reader-initiated
DFSA-based multiple access protocol for bistatic Wi-Fi
backscatter systems. Fig. 2 illustrates the system model of
SUMA, which is composed of a Wi-Fi helper (act as an
RF source), a Wi-Fi reader (act as a receiver), and multiple
Wi-Fi backscatter tags (act as transmitters). Wi-Fi backscatter
communication is initiated or terminated through the message
exchange between the Wi-Fi reader and the Wi-Fi helper.
Once the Wi-Fi backscatter communication starts, the Wi-Fi
helper first broadcasts a command to enable random access
of multiple Wi-Fi backscatter tags, and then sends several
packets consecutively. The Wi-Fi backscatter tags accessing
the channel reflect or absorb the packets sent from the Wi-Fi
helper so that the Wi-Fi reader can detect the tag information.
Then, the Wi-Fi reader notifies the detection result for the tag
information by sending a message to the Wi-Fi helper and
the Wi-Fi backscatter tags. This operation is repeated until
the Wi-Fi reader receives the tag information for all Wi-Fi
backscatter tags.

Wi-Fi helper

(<>>

> Detect
tag information

Message

O

FIGURE 2. System model of SUMA.

[ 'Wi-Fi backscatter tags ]

The system model of SUMA inherently has a bistatic
backscatter system architecture because a Wi-Fi AP and a
Wi-Fi device act as a Wi-Fi helper and a Wi-Fi reader,
respectively. Additionally, unlike the existing bistatic Wi-Fi
backscatter, it includes multiple backscatter tags. Note that
a conventional or monostatic backscatter system (e.g., RFID
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system) consists of two main components: a reader and a tag,
and the reader contains both an RF source and a receiver in
the same device. On the other hand, in a bistatic backscatter
system (e.g., Wi-Fi backscatter), an RF source and a receiver
are separated into different devices. In SUMA, the Wi-Fi
helper estimates the number of Wi-Fi backscatter tags at
the start of network operation and calculates an appropriate
slot-count parameter, Q, by which to specify the frame size.
Then, the Wi-Fi helper adaptively adjusts the value of Q
to maximize network performance by considering the num-
ber of remaining tags to detect information. In this section,
we describe the design of SUMA in detail.

A. OVERALL OPERATION

Fig. 3 illustrates the superframe structure of SUMA, which
includes four operational periods: 1) Request Period (RP),
2) Tag Estimation Period (TEP), 3) Communications Period
(CP), and 4) Termination Period (TP). The RP and TP are
periods to initiate and terminate Wi-Fi backscatter commu-
nications, and the TEP and CP are periods to estimate the
number of tags and detect the tag information, respectively.
The TEP and CP are composed of multiple frames, each of
which is divided into multiple slots, and in these periods,
the Wi-Fi backscatter system operates in a DFSA manner as
in the EPCglobal Class 1 Gen 2 standard.

e Request Period (RP) Termination Period (TP) -

Tag Estimation Period (TEP) ‘Communications Period (CP)

Frames Frames
for TEP . . . for CP

Slotm

B command/Message

'Wi-Fi backscatter
uplink traffic

FIGURE 3. Superframe structure of SUMA.

Fig. 4 illustrates the overall operation of SUMA. In RP,
the reader sends a REQ message to the helper to initiate
Wi-Fi backscatter communications. In TEP and CP, the helper
broadcasts Query, QueryAdjust, and QueryRep commands at
the beginning of each slot, which commonly announces the
start of a new frame and includes a slot-count parameter, Q,
to specify the frame size. Note that, in TEP, a fixed value of
Q is used for all frames, while in CP, it can be adjusted to a
different value for each frame depending on the number of
remaining tags to detect information. QueryAdjust indicates
that the value of Q used in the previous frame has changed.
QueryRep command is transmitted in the slots after the first
slot, and its value of Q is the same as that of the Query or
QueryAdjust in the first slot. Upon receiving the Query or
QueryAdjust command, each tag initializes its slot counter by
randomly selecting the number in the range of [0, 2¢ — 1].
On the other hand, the tag decrements its slot counter by one
whenever receiving the QueryRep command. Then, it checks
the value of the slot counter to determine whether to start the
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E
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the slot counter

Check the slot counter

Backscatter communication J)}
Check detection result SUMA operation
Send (ACK /|COL / EMP) in each slot

I~

—~ = =R At the end of the frame
Estimate the number of
tags for this frame

<

F It is not the last frame

Proceed toward the next frame ©

SE It is the last frame

EL
H} Determine the final
number of tags

| Determine or adjust CP
[‘J the value of Q for CP

using the number of tags

Broadcast (Query / QupryAdjust | QueryRep) | Initialize (Query /
QueryAdjust) or

X Wait for backscatter communication E decrement (QueryRep)

the slot counter
Check the slot counter

Backscatter communication (L}

SUMA operation
in each slot

~ At the end of the frame

<
Check detection result
Send (ACK /|COL / EMP)

-

(

Count the number of
remaining tags

IF Tags remain
Proceed toward the next frame |

ELSE No tags remain
il
Il

Send (TER)

T

]

FIGURE 4. Overall operation of SUMA.

backscatter communication. When the slot counter reaches
zero, the tag reflects or absorbs the packets from the helper in
order for the reader to detect the tag information. In each slot,
the reader selectively sends ACK, COL, and EMP messages
according to the detection result of the tag information. If the
reader successfully detects the tag information of a particular
tag, it sends ACK. In contrast, COL is sent when the multiple
tags simultaneously reflect the helper’s packets, and EMP is
sent if no tag information is detected during a slot. With these
messages, the helper can identify each slot as successful,
collided, or empty. Note that, in SUMA, we consider the use
of a backscatter tag capable of both uplink and downlink
communications so that it can receive messages (i.e., ACK,
COL, and EMP) transmitted by the reader. The reader
sends directly ACK, COL, and EMP messages with different
lengths to the tag. The tag is powered through an RF signal
(message transmission) transmitted from the reader, and
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identifies each message using the difference in time when
energy is detected.

If the helper has received a REQ message from the reader
in RP, and the REQ message does not include the number of
tags, it tries to estimate the number of tags in the TEP. The
TEP consists of multiple frames with the same size. At the
end of each frame, the helper estimates the number of tags
by counting the number of successful, collided, and empty
slots. Then, the helper calculates the average of the estimated
number of tags in each frame and determines the value as the
final number of tags. Then, it ends the TEP and proceeds to
the CP. The REQ message may include the number of tags
through user input. In this case, the helper proceeds toward
CP without operating in TEP. The estimation procedure for
the number of tags is described in Section IIL.B, in detail.
The CP is the period in which tag information is obtained
from multiple tags. After the number of tags is obtained,
the helper initiates CP. The CP consists of multiple frames
having different numbers of slots. In CP, the value of Q in
the first frame is determined based on the number of tags
in the bistatic Wi-Fi backscatter system. It is continuously
adjusted based on the number of remaining tags to detect tag
information as the frames progress. When no tags remain to
detect the tag information, the CP ends.

If the number of tags is estimated through TEP, the esti-
mated number of tags may differ from the number of tags
actually deployed in the bistatic Wi-Fi backscatter system.
Therefore, at the end of each frame, the helper decides
whether to proceed toward the next frame or end the CP.
Specifically, if the number of empty slots in the current frame
is equal to the current frame size, the helper decides that
no tags remain to detect tag information and ends the CP;
otherwise, it proceeds to the next frame in the CP. The adjust-
ment procedure for the value of Q is described in Section
III.C, in detail. Then, in TP, the helper sends a TER mes-
sage to the reader to terminate the current Wi-Fi backscatter
communications.

B. TAG ESTIMATION

In SUMA, the reader initiates Wi-Fi backscatter communi-
cations by sending a REQ message to the helper in RP. If the
received REQ message includes the number of tags, the helper
can proceed directly toward CP without operating in TEP.
Otherwise, the helper must estimate the number of tags in
TEP before the operation in CP. Algorithm 1 presents the
procedure for estimating the number of tags in the bistatic
Wi-Fi backscatter system. In the algorithm, the helper ini-
tializes the variables (i.e., i_tep, Npame, Niag,i_tep> Navg_tag
and ny,,), where i_tep denotes the frame index for frames in
TEP, nframe is the number of frames in which the number of
tags is estimated, nyaq,; rep 1S the number of tags temporarily
estimated in the frame i_tep, ngyg sa¢ is the average number
of tags estimated in each frame, and n,,, is the number of tags
finally determined by the algorithm. Moreover, the helper
maintains a predefined threshold of nfume, Nframe_threshoid
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which is used as a reference value to determine the number
of tags and determined empirically in advance.

In the first slot of the frame i_tep, the helper broadcasts
a Query command containing Qrp, Which is an arbitrary
value of O used to estimate the number of tags in TEP;
thus, the size of all frames in TEP is equal to is 2%« . For
estimating the number of tags under the same condition for
each frame, a fixed value of O, is used for all frames within
TEP, and this value is empirically determined in advance.
Upon receiving the Query, the tag sets its slot counter to
a randomly selected value in the range of [0, 29y — 1].
Then, the helper starts sending a series of packets to enable
the reader to obtain the tag information from multiple tags.
Only the tags with a slot counter of zero reflect or absorb
the packets to deliver their tag information. When the reader
successfully detects the tag information by measuring the
received signal strength indicator (RSSI), it responds with an
ACK message to the helper and the corresponding tag; the
tag then ends its operation. In contrast, if the reader detects
a collision or detects nothing, it broadcasts a COL or EMP
message, respectively. The COL message makes the tags wait
until the next frame, and if the tag receives an EMP message,
it does nothing. When ACK, COL, and EMP messages are
received, the helper updates the number of successful slots
(nack ), the number of collided slots (n¢cor.), and the number
of empty slots (ngyp), respectively. Note that nack, ncor,
and ngyp are initialized to zero at the beginning of each frame
and represented by nack.i rep> NCOL,i_tep> and NEMP i 1ep IN
the frame i_tep. From the second slot, the helper sends a
QueryRep command, followed by a series of packets. The
tag decrements its slot counter by one when receiving the
QueryRep command and reflects or absorbs the packets from
the helper when the slot counter reaches zero. This operation
is repeated until the last slot of the frame (i.e., 2% _th slot).

At the end of every frame, the helper estimates the number
of tags in the bistatic Wi-Fi backscatter system based on
the expected and measured number of successful, collided,
and empty slots. For estimating the number of tags in the
frame i_tep (i.e., Ny, i rep), the helper calculates the expected
number of empty, successful, and collided slots for the
frame i_tep. None (i.e., empty slot), one tag (i.e., successful
slot), or multiple tags (i.e., collided slot) can occupy each slot;
thus, the probability that the slot is occupied by k tags among
n tags can be expressed by Eq. (1) when the frame size is L
(L = 2%) [34)].

f tkeon.p) = (Z)pku—p)"—k, 0<k=n (1

where p is the probability that one tag occupies a random slot
within a frame (p = 1/L = 27%). The expected number of
empty, successful, and collided slots in the frame i_tep can be
calculated from Eq. (1) when £ is zero, k is one, and k is two
or more, respectively. Therefore, E[ngmp,i repl, E[nack ,i_repls
and E[ncoL,i rep] can be calculated by Egs. (2)—(4).

n
Elngmp.i iep) = L (1= p)" =20 (1 - 2*9’”’) )
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TABLE 1. Notation list for algorithm 1.

Notation Description
0] Slot-count parameter
i_tep Frame index in TEP
- Number of frames in TEP
Mg i 1ep Number of tags estimated in frame i _tep
L~ Average number of tags estimated in each frame of TEP
Ny Number of tags finally determined in TEP
M fame. ihreshold Threshold of n,,
0., Arbitrary value of O to e%i;r;ate the number of tags in
ek Number of successful slots
Neop Number of collided slots
Mpyp Number of empty slots
Mycki iep Number of successful slots in frame i fep
Neors e Number of collided slots in frame i _tep
Merps ep Number of empty slots in frame i _tep
L Frame size
p Probability that one tag occupies a slot within a frame
E () Set of the expec_ted numbf:r of emptAy, successful, and
i collided slots in frame i _tep
o Set of the observed number of empty, successful, and

itep collided slots in frame i _tep

n—1 -0 n—1
E[nACK,i_tep] =n(l —p) =n (1 -2 tep) (3)
E[nCOL’iJep] =L- E[nEMPviJeI’] - E[nACK,iitep] “4)

Then, the helper calculates ny,g ;_rp using Eq. (5) [35].
. 2
Nyag,i_tep = Innm HEiJep(n) = Oi_tep ” (5

where E; ;¢ (n) is a set of the expected number of slots rep-

resented by [E[ngmp.i_sep), Elnack.i_epl, E [nCOL,i_zep]]T,
O;_rep 1s a set of the observed number of slots represented by
[REMP.i_tep RACK i teps nCOLi_tep] » and ||| is the Euclidean
norm. After calculating nyg ; sep, the helper averages the
estimated number of tags for each frame to obtain nue sa¢
and increments Afgme by one. If npgme is smaller than
Nframe_threshold» the helper proceeds to the next frame by
sending a Query command and repeats the above operation.
Otherwise, it finally determines the number of tags of the
bistatic Wi-Fi backscatter system (i.€., fqg) a8 Navg_rag-

C. Q ADJUSTMENT

In SUMA, the value of Q specifies the number of slots
in a frame (i.e., frame size), which should be fitted to the
number of tags in the network (i.e., network size) to maximize
throughput. After the number of tags in the bistatic Wi-Fi
backscatter system, 7, is obtained through a REQ message,
including the number of tags or the tag estimation procedure
in TEP, the helper starts its operation in CP by broadcasting
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Algorithm 1 Estimation Procedure for the Number of Tags

1: INITIALIZE i_tep, nfame, iag,i_teps Navg_tag> a0d Nyqg tO
0
2: /+ Repeat the estimation procedure. */
WHILE Nframe < Nframe_threshold
3: NACK ,i_tep < 0
NCOL,i_tep < 0
NEMP,i_tep < 0
4: /% Repeat for all slots. /
FOR each slot, j, j € [0, 2% — 1]
5: Notify the value of Q and wait for the response
from the reader
// Send Query or QueryRep command.

6: Update nack i_teps NCOL,i_tep» OF REMP,i_tep
// Accumulate the number of ACK, COL, and
EMP messages.

7: ENDFOR

8: Calculate nyag.;i_rep // Estimate the number of tags

for the frame i_tep.
9: Navg tag <— (ntag + ntag,i_tep)/(i_tep +1
10: Nframe < Nframe + 1

11: i_tep < i _tep+1 // Increment the frame index.
12: ENDWHILE

13: Nag < Navg_tag

14:  RETURN #,4

a Query command. In CP, the helper determines the value of
Q of the first frame based on the obtained number of tags and
then adjusts it continuously based on the number of remaining
tags to detect the tag information as the frames progress,
in order to maximize throughput. Specifically, the helper
counts the received ACK messages so that the latest number
of remaining tags to detect tag information is maintained. The
number of remaining tags in the frame i_cp (n; ) can be
given by Eq. (6).

Niags icp=0
icp—1
Nj cp = . 1 (6)
Niag — Z NACK j» LCD =
J=0

where i_cp denotes the frame index of frames in CP and
NACK ,i_cp 18 the number of successful slots in the frame i_cp.

Algorithm 2 presents a procedure for adjusting the value
of Q. In the algorithm, the helper initializes the variables
(i.e., Qi cp» Qtemp, and Thyax i cp), Where Q; ¢ is the value of
Q for the frame i_cp, Qyemp 1s a temporary value of Q to search
the values of Q, and Thyay,i ¢p is the maximum throughput
for the frame i_cp, respectively. Furthermore, 7exs_frame 1S
the number of extra frames used when the estimated number
of tags (i.e., nyg) is less than the number of tags actually
deployed in the Wi-Fi backscatter system (i.e., nacr_rag)- In the
opposite case, the extra frame is not used because the CP
ends before the number of remaining tags becomes zero.
Moreover, Qqx 1s the largest value of Q that can be selected
and Th;_¢p(Qremp) is a function that outputs the throughput
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TABLE 2. Notation list for algorithm 2.

Notation Description
i_cp Frame index in CP
n o, Number of remaining tags in frame i _cp
Macki o Number of successful slots in frame i _cp
o ., Value of Q in frame i _cp
Orenp Temporary value of O
Thyi o Maximum throughput for frame i _cp
Moy frame Number of extra frames in CP
Moct tag Number of actually deployed tags
O Largest value of O
Th; 0 (Oieny) Throughput function for frame i _cp
P Probability of empty slot in a particular frame
Py Probability of successful slot in a particular frame
Py Probability of collided slot in a particular frame
Povpi o Probability of empty slot in frame i _cp
Piki o Probability of successful slot in frame i _cp
Feoi o Probability of collided slot in frame i _cp
T Slot duration
g Duration for Wi-Fi backscatter uplink traffic
T Duration for CTS-to-Self transmission
[ Number of packets in a slot
T, Duration of a packet transmission
Touers Duration for Query
Touersaaiust Duration for QueryAdjust
L Duration for QueryRep
T,k Duration for ACK
Tovr Duration for EMP
Teor Duration for COL
Th, , Throughput for frame i c¢p
Tycki o Successful slot duration in frame i _cp
Tovpi o Empty slot duration in frame i _cp
Teoi o Collided slot duration in frame i _cp
T, Slot duration in frame i _cp

Slot.i_cp

for the frame i_cp using Qremp as an input. The function
Thi_cp(Qremp) 1s valid only when n; , is greater than zero.
However, n; , can be zero or negative If ny, is less than
or equal to0 nger_rqg. Furthermore, when nye < naer_rags
if n; ¢, is one, the helper cannot receive any ACK message
due to repeated collisions. Specifically, when n; ¢, is one,
the value of Q that maximizes the throughput of the function
Thi_cp(Qremp) is zero, which causes all tags to set the slot
counter to zero. Therefore, in the algorithm, the helper first
verifies n;_¢, before adjusting the value of Q. If n; ., is greater
than one, the helper iteratively calculates the throughput using
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Algorithm 2 Q Adjustment Procedure
1: INITIALIZE Q; ¢, Qtemp, and Thyy i cp to 0

2: IF n; ¢ > 1 // If the number of remaining tag in the
frame i_cp is greater than one.
3: Next_frame < —1 // Initialize the number of extra

frames.
4: /* Find the value of Q that maximizes throughput. %/
FOR each temporary value of Q, Qremp, Qremp €

[0, Omax]
5: IF Qtemp ==0
6: Thinax,i_cp < Thi_cp(Qremp) !/ Calculate the
throughput using the
first value of Q.

7. Qi_cp <~ Qtemp // Update Qi_cp to Qtemp-

8: ELSE

9: Thimax,i_cp < maX[Thmax,i_cp» Thi_cp(Qremp)]

// Find the maximum throughput.

10: IF Thmax,i_cp > Thi_cp(Qtemp)

11: Qi ¢p < Oi ¢p !/ Maintain the existing
value of Q if the maximum
throughput does not change.

12: ELSE

13: Qi_cp <~ Qtemp // Update Qi_cp to Qtemp if

the maximum throughput
changes.

14: ENDIF

15: ENDIF

16: ENDFOR

17: ELSE // If the number of remaining tags in the frame

i_cp is less than two.

18: Next_frame < Next_frame+ 1 // Increment the number

of extra frames by
one whenn; o, < 1.

19: Oi ¢p < Next_frame !/ Determine the value of Q for

extra frame.

20: ENDIF

21: RETURN Q; o, // Determine the value of Q for the

frame i_cp.

all values of Qyemp in the range of [0, Oyqx] and then adjusts
Oi_cp 10 Qtemp to maximize the throughput for the frame i_cp.
Otherwise, the helper sets Q; ¢ t0 Rey_frame-

In the algorithm, the throughput for a particular frame
is a key criterion for adjusting the value of Q, for which
the helper first calculates the probability of an empty slot
(Peump), successful slot (Pack), and collided slot (Pcor) in
the particular frame. From Eq. (1), Peyp, Pack, and Pcor
can be given as Egs. (7)-(9) when k is zero, k is one, and k is
two or more, respectively.

Peyp = (1 —p)" )
Pack = np(1—p)"~! ®)
Pcor, =1 — Peyp — Pack )
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In CP, each frame has different Pryp, Pack, and Pcor
based on the number of remaining tags. Thus, the proba-
bilities for the frame i_cp (i.e., Pemp,i_cp» Pack,icp» and
PcoL,i ¢p) are given by Eqgs. (10)—(12), as shown at the bottom
of the next page.

Fig. 5 illustrates the structure of a successful slot in which
the duration for Wi-Fi backscatter uplink traffic is given
by Eq. (13).

Tiag = Tcs + npia (SIFS + Tpir) (13)
SIFS SIFS SIFS SIFS
o o> o> o
Query /
QueryRep/ CT;S}}O- Packet Packet Packet | - | Packet
QueryAdjust @
Touery’ Tes Toue

Touervkep

Toueryadjust

T,

tag

TSh)/

FIGURE 5. Structure of successful slot.

where Tcs is the duration for CTS-to-Self transmission,
npie is the number of packets in a slot, SIFS is the short
inter-frame space, and Ty is the duration of a packet’s
transmission. In SUMA, we consider using SIF'S between
burst packets to guarantee reliable uplink traffic within a slot,
which is proposed in [9]; thus, the helper sends each packet
at SIFS interval. CTS-to-Self is a control packet that forces
the neighboring legacy Wi-Fi devices to defer their transmis-
sions for a specific period (by up to 32 ms). In SUMA, the
QueryAdjust command is sent only when the value of Q used
in the previous frame has changed. However, for simplicity of
expression of the expected duration for each slot, we assume
that the Query command is sent only in the first frame and that
the QueryAdjust command is sent in other frames. Therefore,
the expected duration of the successful slot for the frame i_cp
can be obtained by Eq. (14), as shown at the bottom of the next
page, where Touery, Toueryadjust> ToueryRep and Tack are the
duration for the Query, QueryAdjust, QueryRep commands
and the ACK message, respectively. Similarly, the expected
duration of the empty and collided slots for the frame i_cp
can be given by Egs. (15) and (16), as shown at the bottom
of the next page, where Tgyp and Tcor are the duration
for EMP and COL messages, respectively. In the bistatic
Wi-Fi backscatter system, a single packet is decoded into one
bit. Therefore, the size of tag information is equal to 7.
However, the tag information includes an 8-bit preamble;
thus, the payload size of the tag information becomes np, —8.
The throughput for the frame i_cp (Th;_¢p) can be expressed
by Eq. (17),as shown at the bottom of the next page.

Fig. 6 illustrates an example of CP operation. In the exam-
ple, it is assumed that the total number of tags is three. At Slot
0 in the first frame, the helper broadcasts the Query command
containing Q = 2 derived through Algorithm 2. Upon receiv-
ing the command, the tags randomly set their slot counters in
the range [0, 3]. In Slot 0, all the tags do nothing because their
slot counters are greater than zero, and thus the reader sends
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an EMP message. The helper broadcasts a QueryRep com-
mand at the beginning of Slot 1. In this slot, the slot counter of
each tag is decremented by one; thus, the tag 1’s slot counter
becomes zero, reflecting and absorbing the packets sent from
the helper. In this case, the reader sends the ACK message
to notify the successful detection of tag information. Upon
receiving the ACK message, tag 1 ends its communications.
The packet transmitted from the helper is used to decode one
bit in tag information. In each frame, the helper consecutively
sends multiple packets at SIFS intervals so that the reader
can detect the tag information composed of several bits.
Through the SIFS interval, the reader and tags distinguish
individual packets within a frame. In Slot 3, the collision
occurs because the slot counters of the multiple tags become
zero simultaneously. Therefore, the reader sends the COL
message, and the corresponding tags wait for the next frame.
When the second frame starts, the helper adjusts the value
of Q to one derived through Algorithm 2 and broadcasts the
QueryAdjust command. Tags 2 and 3 reset their slot counters
in the range of [0, 1]. Then, the operation repeats until the
number of remaining tags reaches zero.

IV. PERFORMANCE EVALUATION

We evaluated the performance of SUMA through experi-
mental simulations using the MATLAB simulator. The sim-
ulation results of SUMA were compared with those of the
DFSA-based anti-collision protocol adopted in the EPC-
global Class 1 Gen 2 standard. In the following subsections,
we describe the simulation setting and configuration and
discuss the simulation results in detail.

A. SIMULATION SETTING AND CONFIGURATION

We considered a bistatic Wi-Fi backscatter system consist-
ing of a Wi-Fi reader, a Wi-Fi helper, and several Wi-
Fi backscatter tags. We also assumed that each device is
deployed within each other’s communications range. SUMA
focuses on supporting the scalability of multiple access to the
network size (i.e., the number of tags). Thus, in the simula-
tion, the number of tags varies from 10 to 80 to investigate
the performance of SUMA as the number of tags changes.
We further assumed that the REQ message received from
the reader does not contain information on the number of
tags; thus, the helper performs the tag estimation procedure

(1 - 27Q’.761’)nmg )

Niag= D MACK.j
(1 —270r) L iep>1

Pempicp = (1 —Pi_cp)ni’w =

icp=0
i_cp—1 ( 1 O)

i_c] -1
PACK,i_Cp = Ni_cpPi_cp (1 - pi_cp)n_ i
Nege—1
g (2790 ) (1 =270 )™ i_cp=0
i_cp—1
= Lep—l ”tag_ilz nack j—1 (11
nmg _ Z nACK,j <2*Qiﬁcp) (1 _ 27th:p) Jj=0 , i_Cp Z ]
Jj=0
Pcor,icp = 1 — PEmp.i_cp — Pack.i_cp (12)
Z_Qup TQuery + (1 - 2_Ql.’rp)TQueryRep + Ttug + Tack + 3SIFS, i_cp=0
ElTack.ip]l =\ 5-0,. 0. i (14)
27 ToueryAdjust + 1-2 LCp)TQueryRep + Ttag + Tack + 3SIFS, icp=1
2702 Touery + (1 = 279" Tgueryrep + Tiag + Temp + 3SIFS, icp=0
ElTemp.icpl = _0, . ~0;i. . (15)
27 ToueryAdjust + 1-2 LCp)TQueryRep + Ttag + Temp + 3SIFS, icp=>1
2 Qe Touery + (1 — 2_QII*CP)TQueryRep + Tiag + TcoL + 3SIFS, icp=0
ElTcor.icpl =\ _o,. 0. ] (16)
27 ToueryAdjust + 1-2 LCp)TQueryRep + Twg + TcoL + 3SIFS, icp=1
Th - — E[Payload size of tag information in frame i_cp]
=P E[Duration of framei_cp]
(e — 8) 20w Pyck i cp
2912 E[ Tstor,i_cp)
_ (npe — 8) PAck,i_cp
Pemp,i opElTEMPi_cpl + Pack i_cpElTack i_cp]l + PcoL,i_epElTcoL,i_cpl
Ny — 8) P, i ¢
_ ( pkt ) ACK ,i_cp (17)

1 + Pemp,i_cp (Temp — Tcor) + Pack.i_ep (Tack — TcoL)
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< First frame > Second frame —————— ™
«— Slot0 Slot 1 Slot 2 Slot 3 Slot 0 Slot 1
Wi-Fi [ B Ouery [ O..cry —— O..c7 [RSS] O:.cry [N O..cry [
veiver I (I - (17 e SRR - (1 R - (1 e IR - (1 o AT - 1 R - 1 o
T SC decrement T
. 0=2 Adjusted O (0=1)
Wi-Fi Lo . LN L
backscatter SC=11! 1 EMP }) SC=0 EMW v- ACK !
tag 1 T
. X Random number selection
o Random number selection Reflection L [0,20-1]
Wi-Fi L _____ [0,20-1] ______i_____ orabsorption i _____  ______i_____. ... _____L_N__ L. .
backscatter SC=3 ! i EMP }i SC=2 | sc=1 ! 1 EMP 1} SC=0 :WW ME COL '} SC=1! SC=0 :WM VE ACK |
tag 2
Wi-Fi
backscatter
tag 3
Wi-Fi
reader —! .

] Command/Message

] Wi-Fi backscatter uplink traffic

FIGURE 6. Example of CP operation.

during the TEP before proceeding with the CP. Two parame- TABLE 3. Simulation parameters.

ters, Qrep and Nframe_threshold» Used in Algorithm 1, should be

obtained empirically. Accordingly, we iteratively estimated Parameter Value
the number of tags using various parameters fqr .Qt.ep and PHY/MAC \EEE 802.11n
Nframe_threshold - Then, the parameter values that minimize the
sum of the lengths for the TEP and CP periods were derived, Data rate 300 Mbps
respectively. Two different sizes of payload, 16-bit and 32- SIFS 10 ps
bit, were considered when investigating the impact of payload CTS-to-Self 14 bytes
size in tag information on delay and throughput performance. Packet 1,024 bytes
For a comparative study, we compared the performance of
SUMA with that of the DFSA-based anti-collision protocol Q o1
of the EPCglobal Class 1 Gen 2 standard (i.e., the legacy Number of Wi-Fi backscatter tags 10-80
DFSA). In SUMA, the helper adjusts the value of Q of Preamble of tag information 8 bits
each frame based on the number of tags and sends a Query Payload of tag information 16, 32 bits
or QueryAdjust command with the adjusted value of Q. REQ 20 bytes
In contrast, for the legacy DFSA, the helper sets the initial
value of Q to 4.0 and changes the value of Q based on the TER 10 bytes
number of collided and empty slots in the previous frame. Query 22 bytes
Conventionally, the helper increases the value of Q by A OueryRep 4 bytes
when the collision occurs and decreases it by A when there OueryAdjust 9 bytes
is no response from the tag. A was set in the range of
[0.1, 0.5]. In the simulation, ACK, COL, and EMP messages ACK 14 bytes
were set to have different lengths so that the tags can identify coL 10 bytes
each message. Moreover, considering the Query, QueryRep, EMP 8 bytes
and QueryAdjust commands that contain different informa- A 0.1-0.5

tion, the lengths of the commands were also set to 22, 4, and
9 bytes, respectively. The simulation was iterated 200 times.
The detailed simulation parameters are listed in Table 3.

estimate the number of tags using the estimation procedure
of Algorithm 1. This estimation procedure is affected by two
parameters, Nfiame_threshold and Qyep, determined empirically

B. SIMULATION RESULTS
In this paper, the operation of SUMA includes the TEP

period to estimate the number of tags in the Wi-Fi backscatter
system. If the helper receives a REQ message that does not
contain the number of tags in the RP period, it attempts to
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in advance. Therefore, we first experimentally analyzed the
impact of these two parameters on the TEP and CP periods
and derived the values that minimize the sum of the TEP
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and CP period lengths. In the experiment, the values of
Nframe_threshold and Qyep Were set to vary in the ranges [2, 5]
and [0, 10], respectively, and the tag information was set to a
32-bit payload.

Figs. 7(a) and 7(b) illustrate the variations in the length
of the TEP period as the value of npame_rhreshola changes for
fixed values of Oy, and those in the opposite case, respec-
tively. The length of the TEP period increases as the values
Of Nframe_threshold and Qyep increase because the number of
frames in the TEP period is determined by nfume_threshoid s
and the number of slots in each frame is determined by Q.
The number of slots in one frame is 22, and thus the
length of TEP period increases rapidly when Q,, increases.
Moreover, the TEP period ends when the number of frames
reaches Nframe_threshold - Therefore, the number of tags actually
deployed in the Wi-Fi backscatter system (i.€., nger_rag) does
not affect the length of the TEP period. Even if the value of
Nacr_tag Changes, the length of the TEP period does not change
when the values of nfame_threshola and QOyep are fixed. In the
experimental results, the length of the TEP period changed
from 3.4 to 5,600 ms as the values of the two parameters
changed. Furthermore, the length of the TEP period was less

IS

\
QS

§

TEP period length (s)
(381 w
Qo Q

n‘ frame_threshold

()

n/rameilhre.xhuld =5
S5H° n/mmei/hreshnld =4

nfrumeithreshold =3

n
T

s ime threshold ~ 2

TEP period length (s)
5] w

0

tep
(b)

FIGURE 7. TEP period length (a) for varying values of nggme threshold-
and (b) for varying values of Qtgp-
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than 10 ms when the value of Qy,, was set to less than five
for all the values of nfrume_threshold -

The estimated number of tags (i.e., n14¢) may differ from
the number of tags actually deployed in the Wi-Fi backscatter
system (i.e., ngcr_rag). The greater the difference between
them, the more empty or collided slots, resulting in a longer
CP period. The graphs in Fig. 8 illustrate the variations in
the estimation error according to the change of the values of
Orep and nger_rag When the value of nfume_rhreshoia 1s fixed.
The estimation error denotes the difference between ny, and
Nact_tag- In each graph, the curve shows that the estimation
error varies depending on nger_rqg When the value of Q) is
fixed. If the number of slots in a frame determined by Oy
(.e., ZQW) is too large or too small compared t0 nger_rag,
the difference between the expected number of slots and the
observed number of slots increases, thereby increasing the
estimation error. In the figure, the color represents the level
of the average estimation error for all values of nuc_sag
when both nfume_threshota and Qyep are fixed. The darker the
color, the smaller the average estimation error. All graphs
commonly show that the average estimation error tends to
decrease as the value of Oy, approaches four. In the esti-
mation procedure for the number of tags, the helper repeat-
edly estimates the number of tags nfume_rhreshold times and
averages the results to improve estimation accuracy. There-
fore, the estimation error tends to decrease as the value of
Nframe_threshold increases. On average, for each nfume_rhreshold
(i.e., 2, 3, 4, and 5), the estimation errors are 17.30, 17.28,
17.26, and 17.21, respectively. Furthermore, when Oy is
four and nfame_threshola varies from two to five, the smallest
average estimation errors are 2.125, 1.63, 1.63, and 1.88,
respectively.

As depicted in Figs. 7 and 8, the value of Oy, should
be determined to be less than five. Therefore, in the subse-
quent experiments, we limited the value of Q) to the range
of [0, 5]. The length of the CP period changes as the value
of ngcr_rag varies. In this context, we clarify the relationship
between the two parameters (i.e., Qwp and Nfume_hreshold)
and the length of the CP period by averaging the lengths of
CP period for each value of nge_rqg varying from ten to
eighty.

Fig. 9 illustrates the variations in the length of the
CP period as the values of Qy.p and nfrume_threshold change.
The length of the CP period tends to be shorter due to the
decrease of the estimation error when the values of Q)
and Nframe_threshold are close to four and five, respectively.
In the experiment, the shortest length for the CP period was
approximately 150 ms, on average. Moreover, the length of
the CP period increases sharply when the value of Oy, is zero
because collisions frequently occur due to large estimation
error. In other words, in this case, the frame size in the
CP period becomes too small compared with the number of
tags, and as a result, the number of collided slots increases
significantly. Accordingly, the number of frames required
to detect all tag information increases, resulting in a longer
CP period.

30939



IEEE Access

J.-H. Kwon et al.: Scalable Wi-Fi Backscatter Uplink Multiple Access for Battery-Free loT

80 —
g 60 —| nframe_threshold =2
(0]
=1
S 40
b5
£ 20
w0
— ~ e Eay -
Poct tag 50
act_tag 1000 1 2 3 4 Qtep 5 6 7 I 9 10
80 —
E 60 —| nﬂame_threshold =3
(0]
.E 40 —|
=
£ 20
172]
- — g -
" 50
act_tag 1000 1 2 3 4 Q, 5 6 7 g 9 0
ep
80 —.
g 60 —| nﬁ'ame_threshold =4
(0]
=
.S 40 —
=
£ 20 |
w2
) A dddd
0 — =,
Mact tag 50 1000 1 2 3 4 5 6 p 3 0 10
) 0
tep
80 —,
:e: 60 —] nfmme_threshold =5
(0]
=1
S 40 —|
=
£ 20
172]
» | | I | | | | | | | |
0
Tacttag’ 50 1000 1 2 3 49, 5 6 7 8 9 10
ep

FIGURE 8. Estimation error for the number of tags.

The length of TEP period is proportional to the frame
size (i.e., 2%) and the number of frames in TEP period
(i.e., Nframe_threshold)- Meanwhile, the length of CP period
is inversely proportional to the estimation error, which
decreases as the value of Q. approaches four and the value of
Nframe_threshold increases. Therefore, in SUMA, the values of
Orep and Nprame_threshola that minimize the sum of the lengths
of the TEP and CP periods are selected. Fig. 10 illustrates the
sum of the lengths of the TEP and CP periods for various val-
ues of Qyep and Nframe_rhreshold - In contrast to the experimental
results for CP period length (Fig. 9), the sum of the lengths
of the TEP and CP periods is minimized when the value of
Orep is four and the value of name_threshola is two because the
length of the TEP period increases when the values of Q.
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and Nframe_threshold increase, whereas that of the CP period
increases when those values are too small. Quantitatively,
the shortest sum of the lengths of the TEP and CP periods
is approximately 200 ms, on average.

Figs. 11-14 illustrate the number of successful slots, the
number of collided slots, the number of empty slots, and the
total number of slots, respectively, when the Wi-Fi backscat-
ter uplink communications are completed. In the simulation,
the payload size of the tag information is set to 16 bits, and
each legacy DFSA uses a different value of A in the range
of [0.1, 0.5]. Both SUMA and the legacy DFSA approaches
terminate the communications when the reader receives tag
information from all tags deployed in the Wi-Fi backscatter
system. Thus, in all cases, the number of successful slots
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equals the number of tags. However, as depicted in Fig. 12,
SUMA exhibits a smaller number of collided slots com-
pared with the legacy DFSA approaches because SUMA
reduces the collision probability by adjusting the value of
Q of each frame based on the number of remaining tags.
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SUMA determines the value of Q for the first frame based
on the number of tags, whereas the legacy DFSA uses a fixed
value of Q (i.e., four) for the first frame. Therefore, if the
number of tags is less than 30, the number of collided slots
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of SUMA is slightly greater than that of the legacy DFSA
approaches. The difference between the values of A in the
legacy DFSA approaches is too small to change the frame
size significantly. Thus, the number of collided slots in the
legacy DFSA remains almost the same even if the value of
A varies. In Fig. 13, the number of empty slots in SUMA is
greater than that of the legacy DFSA, on average. However,
as depicted in Fig. 14, the total number of slots used to detect
all tag information of SUMA is less than that of the legacy
DFSA because SUMA significantly reduces the number of
collided slots by adjusting the value of Q. SUMA exhibits a
shorter delay in detecting all tag information compared with
the legacy DFSA.

Figs. 15 and 16 illustrate the delay and throughput, respec-
tively, when the Wi-Fi backscatter uplink communications
are completed. The payload of the tag information was set to
16 bits. The delay increases as the number of tags increases,
due to the increase in the number of empty and collided slots.
In SUMA, the helper determines the size of the first frame in
CP period appropriate for the network size through tag esti-
mation in TEP period. Nevertheless, due to the random slot
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counter selection of the tags, the collision or empty slot may
occur in subsequent frames, and thus, it continuously adjusts
the value of Q to maximize throughput. Accordingly, the ratio
of successful slots in a frame is maximized, and the time
required to detect all tag information (i.e., delay) can be min-
imized. However, in legacy DFSA, regardless of the number
of tags, a fixed first value of Q is used, and as a result, more
empty or collided slots are highly likely to occur in the first
frame compared with SUMA. Furthermore, even in the sub-
sequent frames, the value of Q is adjusted considering only
the number of empty and collided slots in the previous frame.
Therefore, as the number of tags increases, a large number of
frames are required to find an appropriate value of Q, result-
ing in a longer delay. In Fig. 15, SUMA exhibits a shorter
delay than the legacy DFSA because it significantly reduces
the number of collided slots. Specifically, the legacy DFSA
suffers from a long delay when the number of tags is more
than 30 because the difference in the number of collided slots
between SUMA and the legacy DFSA increases rapidly as the
number of slots increases. In the simulation, SUMA exhibits
a 49.25% shorter delay than the legacy DFSA, on average.
In terms of the throughput, SUMA outperforms the legacy
DFSA because SUMA adjusts the value of Q for each frame
to maximize the throughput. Quantitatively, as depicted in
Fig. 16, SUMA exhibits 48.23% higher throughput than the
legacy DFSA, on average. Note that SUMA maintains a TEP
period for estimating the number of tags, and thus involves the
initial overhead, which was considered in evaluating the delay
and throughput. However, as the number of tags increases,
the CP period length increases, and as a result, the impact
of TEP period can be diminished when considering a long
operation time of Wi-Fi backscatter system.

Figs. 17 and 18 illustrate the variation in the delay and
throughput, respectively, when the payload size of tag infor-
mation changes to 32 bits. The reader decodes one packet
transmitted from the helper into one bit of tag information.
Thus, if the payload size contained in the tag information
increases by one bit, the helper should transmit an additional
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packet—the slot size increases as the payload size increases.
Accordingly, the delay in the 32-bit payload case is close to
twice that of the 16-bit payload case. The reason why the
increase in the delay is less than double is that the number of
control packets used in each slot does not change even if the
payload size changes. In the simulation, as the payload size
increased from 16 to 32 bits, the delay of SUMA increased
from 84.72 to 147.36 ms, on average. Moreover, due to the
increase in delay, the throughput does not increase signifi-
cantly even if the payload size increases; the SUMA through-
put increased slightly from 8.38 to 9.74 kbps. Compared
with the legacy DFSA approaches, SUMA exhibits a 51.89%
shorter delay and 43.38% higher throughput, on average.

As depicted in Figs. 16 and 18, the throughput of SUMA
is about 7.38-10.96 kbps. Specifically, the minimum and
maximum throughputs were attained for ten tags from the
result of Fig. 16 and forty tags from Fig. 18, respectively. This
is certainly not high, but it is similar level to that of existing
works (i.e., 1-10 kbps) for backscatter communication, such
as Wi-Fi backscatter [10], ambient backscatter [36], and FM
backscatter [11]. SUMA focuses on supporting the scalability
of multiple access, which minimizes collisions caused by
simultaneous uplink traffic from multiple tags, rather than
the transmission rate for tag information detected by the
receiver. In this context, in order to improve transmission
efficiency, a decoding method that maps multi-bits according
to RF signal strength can be considered, but this is out of
scope in our work.

Regarding the computational complexity, the SUMA and
legacy DFSA commonly require arithmetic operations to
adjust the value of Q for each frame. Specifically, in SUMA,
one initial tag estimation via Algorithm 1 and the Q adjust-
ment via Algorithm 2 for each frame are performed. Mean-
while, in legacy DFSA, the Q-algorithm depicted in Fig. 1 is
performed for each slot. When considering only the Wi-Fi
backscatter uplink communications, the amount of resources
required to run algorithms for SUMA and legacy DFSA
can be similar because of their simple arithmetic operations.
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However, SUMA has a higher computational burden due to
the additional operations for tag estimation. Nevertheless,
the simulation results show that SUMA can provide the scala-
bility of multiple access through tag estimation and Q adjust-
ment procedures, even at the cost of higher computational
complexity.

V. CONCLUSION

In this paper, we presented SUMA, a reader-initiated
DFSA-based multiple access protocol for bistatic Wi-Fi
backscatter systems. SUMA focuses on supporting the scala-
bility of multiple access to the network size (i.e., the num-
ber of tags), which is indispensable for enabling practical
adoption of Wi-Fi backscatter communication. In this con-
text, the main contributions of this paper can be summarized
threefold: First, we devised a tag estimation procedure that
improves the estimation accuracy for the number of tags
in Wi-Fi backscatter system. Before the Wi-Fi backscatter
uplink communications from multiple tags start, the number
of tags in the system is repeatedly estimated several times,
and the average of the estimated values is used to determine
the initial frame size. Second, we devised a Q adjustment
procedure to minimize collisions and maximize network per-
formance. Once the Wi-Fi backscatter uplink communica-
tions start, the frame size is continuously adjusted based on
the changed network size (i.e., the number of remaining tags
to detect the tag information). At this time, the value of Q
is adjusted in consideration of the throughput rather than
the collided and empty slots. Finally, the impact of two key
parameters, Nfame_threshold and Qrep affecting the performance
of SUMA was investigated to achieve both short delay and
high estimation accuracy for the number of tags. Through
experiments, we determined these parameters to minimize
the sum of the time required for tag estimation (i.e., TEP
period length) and the time required for Wi-Fi backscatter
uplink communications (i.e., CP period length). Furthermore,
SUMA considers two auxiliary countermeasures for interfer-
ence from nearby Wi-Fi devices; the transmission of CTS-
to-Self in each slot and the use of SIFS interval between
consecutive packets in a slot. The former forces the neighbor-
ing legacy Wi-Fi devices (i.e., Wi-Fi helper or Wi-Fi reader
in other system) to defer their transmissions for a specific
period, and the latter guarantees reliable uplink traffic within
a slot.

We conducted an experimental simulation to evaluate the
performance of SUMA. First, we experimentally analyzed
the effects of two parameters, Nfrume_threshold and Qrep, on the
TEP and CP periods, and derived them as two and four,
respectively. Then, based on these values, the performance
of SUMA was evaluated and compared with that of the
legacy DFSA approach in terms of the number of successful,
empty, and collided slots, throughput, and delay. The results
demonstrated that SUMA reduces the number of slots used to
detect all tag information by reducing the number of collided
slots significantly. Quantitatively, the number of collided
slots of SUMA was 48.1% less than that of the legacy DFSA.
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For payload sizes of 16 and 32 bits, SUMA obtained, on aver-
age, 48.23% and 43.38% higher throughput and 49.25% and
51.89% shorter delays, respectively, than the legacy DFSA

approach.
ACRONYMS
AP Access point
BEB Binary exponential backoff
CCA Clear channel assessment
CP Communications period
CSMA/CA  Carrier sense multiple access with collision
avoidance
CTS Clear to send
Cw Contention window
DFSA Dynamic framed slotted ALOHA
DIFS Distributed coordination function
inter-frame space
IoT Internet of Things
MAC Medium access control
NAV Network allocation vector
RF Radio frequency
RFID Radio frequency identification
RP Request period
RSSI Received signal strength indicator
SIFS Short inter-frame space
SUMA Scalable uplink multiple access
TDMA Time division multiple access
TEP Tag estimation period
TP Termination period
WLANSs Wireless local area networks
WPSNs  Wireless powered sensor networks
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