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Abstract— Realistic modeling of energy consumption is crucial relatively less energy compared with communications. This
for accurate performance analysis of wireless-powered ssbr  assumption is also relevant when low-quality sensing isluse
nodes. In this paper, we analyze the performance of wireless However, due to the diversity of sensors, some commonly-

powered sensor transmissions taking into account both thenergy . ) . . .
cost of sensing and transmission. We consider a sensor that i used sensing modules are designed with high-rate and high-

harvesting energy from an ambient radio-frequency (RF) sigal  resolution A/D conversion and hence can be power hungry [9].
and using this energy to perform sensing and transmission.ice In fact, energy cost of sensing can be higher than energy cost
energy harvesting is time-varying in nature, it introducesa delay  of transmission in such scenarios (from the citations i.[9]
in the sensor transmissions. We study two delay-related mets, For EH sensors, the delay of transmission of sensed in-
one measuring how frequent the sensed information is updateat . ’ . .
the sink and the other measuring the time taken from the sensig formgtlon from the sensor to th? sink becomes _a more _C”t'
operation to successful transmission of sensed informatio We ical issue than that for conventional sensors with sufficien
analytically characterize the statistical behavior of boh metrics  (initial) power storage, because of the extra time required
and find an important tradeoff between them. In particular, our  for EH [10], [11]. The transmission completion time was
results illustrate that more frequent update of sensed infamation studied with several different data arrival processes @i.[1
at the sink increases the time taken from the sensing operatn . . o
to successful transmission of sensed information. The focus in [10] was delay due to EH, while transmission
was assumed to be always successful. Transmission delay was
. INTRODUCTION studied for a wireless-powered sensor with retransmisision
Energy harvesting (EH) has been widely recognized Jsl]' Compargd with cor!vennonal W|rgless.sensors, foheac
e)transmission, a certain amount of time is required far E

an enabling technology for green and self-sustainable-wi 0 provide enough energy for transmission, which increases
less communications, especially in wireless sensor nmo{hepdelay 9 9y '

(WSNs) [1]. Apart from the traditional energy sources, wire We study the performance of an energy-constrained sensor
less power transfer using radio-frequency (RF) signals has y P 9y

recently emerged as a promising approach to enable en wered by ambient RF signals, e.g., signals from the neares

constrained WSNs [2—6]. Practical designs for sensor dsvic f tor:,v?r: ornrgi(r:r?] tr)r:iisei Sr:aitr'gn’ taklng:‘tb(\)/:/h enir?é/ f‘if\t
powered by ambient RF signals, e.g., transmitted byTVtewe? sensing a ansmissio 0 account. Y& consider the

or macro base stations, were considered in [2], [3]. T};\é)pllcatlon_scenarloWhereacertaln condition or_proceez_;ls
t8r be monitored constantly. Thus, the sensor is required to

hardware and circuit design for RF powered wireless sens e information and transmit it to a sink on a periodicshasi
was studied in [4]. A cognitive communication protocol fo Se | ' smititio a si periodi s!
2]. Upon each successful transmission, the sink updtes i

wireless-powered WSN was studied in [5]. Routing and Iinr ded information. However. for a wirel wered sen
layer protocol designs for wireless-powered WSN were suidi' °°09€ ormation. HOWEVET, Tor a WIT€less-powered 8&ns
in [6]. in order to perform the sensing and transmission, it needs to

An important design consideration for energy—constraine:é’f‘[:feSt %r:gut?r?]:\r/]:rr% fr%r: a?oESssprr%(;ith ?r: tr'?ned'gnggs
wireless sensors is the modeling of energy costs. There a ' ying P

three major operations in wireless sensors incurring eynerm the delay for performing sensing and transmission. Thus,
costs: RF transmission/reception (including idle i i7). 8er|od|c update at the sink is generally impossible. Consid

information sensing (and processing), and other basioggmc terl?galﬁhelot/ict/vtehito:g? dtleErHa rr?;?vgsotTh:rTslseem rzzcsg?“r;?:els
ing while active [8]. The majority of the current work on ypically fow, P

. - , he sensor performs sensing and transmission as soon &s it ha
wireless sensor communications considers the energy €ost 0

transmission, with the assumption that RF transceiverIlysuauagv;;ztidclsg:'g:jegssggg%I\,:\r/:nr:rifsssl;;i (;illzy 'Qﬁgr;:fzf;sthe
consumes the majority of the sensor’s energy. It is usually t P Y Y-

. . . . ransmission delay metric measures the time duration from
that the basic processing for keeping a sensor active ccessu% . y . : .
sensing to successful transmission of sensed information,

This research was supported by the Australian Researchol®iiscovery Wh"e th_e u!odate cycle metric_ measures hQW frequent the
Project funding scheme (project number DP14010133). information is updated at the sink. Note that in conventiona



WSNSs, periodic sensing protocols have a fixed update cycle

[12]. In our scenario with wireless-powered sensor, theatgd m&
cycle becomes a random variable due to the randomness in 7 T(aﬂs‘“\s
the amount of harvested energy. Our novel contributions are

as follows:
e The delay performance of a wireless-powered EH sensor
is assessed taking into account both energy cost of sensing /
and transmission. The conditions under which sensing and
transmission occurs in order to achieve the best deléfRF €

Sink

) Information transmission
nergy harvesting

performance, are then determined. _ > Energy flow
e Two delay-related performance metrics, namely, update L D
cycle and successful transmission delay are analyzed. Bof -
the energy-carrying ambient RF signals and the sensoi,.(sensmg modulp»(Data b“ﬁe)j m
sink transmission experience time-varying fading chasnel Fig. 1 System model and sensor components.
making both delay metrics random variables. The complete )
statistics of both metrics are derived in closed-form. ~ ® Energy-harvesting block (EHB): the sensor harvests energy

e An important tradeoff is found between the update cycle ffom RF signals and stores the energy in its battery. We
and successful transmission delay when the energy cost ofSSUMe that the battery has sufficient capacity such that
sensing is comparable with or higher than the energy cost o€ @mount of energy stored in the battery never reaches
transmission: reducing the update cycle, i.e., more freque 'S Maximum capacity. This assumption is a reasonable

updates, comes at the price of longer successful trangmissi SINce battery capacity is several joules to several thalisan

delay. This tradeoff is relevant when the energy cost of Joules [1], while the energy level in the battery in our syste
sensing is considered. is only severaluJ as shown in Sec. V.

Il. SYSTEM MODEL A. RF Energy Harvesting

We consider a simple transmission scenario (shown inWe assume the power source has a transmit powexaft

Fig. 1) where a sensor transmits its sensed informationdo thnd is located at distanekypr from the sensor. The wireless

sink. The sensor is a wireless-powered node which harvegtsver transfer link experiences both large-scale path loss

energy from the ambient RF signals. The sensor has taind small-scale Rayleigh fading, where the fading coefficie
main functions, i.e., sensing and transmission, each Bavibypr is constant within one time block of lengfhand varies
individual energy cost. In order to perform either sensinij@dependently from block to block. From [11], the harvested
or transmission, the sensor needs to spend a certain amandrgy in each EHB is given by

of time on EH. Following current practical design of EH

sensors [13], the sensor adopts a time-slotted or block-wis Ewpt(hwpt) =0T 5

operation. We assume that one sensing operation or one diypr

transmission is performed in one time block of duratibn where, is the efficiency of RF energy harvesting plus storage

Although sensors may spend differing amounts of time asf the sensor [16] and is the path loss exponent. With the

one sensing operation [14], the assumed protocol and asalysayleigh fading assumptiofwpr|? follows an exponential

may be generalized to different sensing time durationsrothdistribution with unit mean, and hencéwpr(hwpr) is an
thanT, which is outside the scope of this work. Consideringxponential random variable with meanwherep represents
that a sensor may perform sensing, transmission, or RF gnefige average harvested energy in each EHB given by
harvesting, we define the following types of time blockshwit

associated energy costs: p=nT

e Sensing Block (SB): the sensor samples the targeted envi- ) o
ronmental information and then processes and packs senBed’roPosed Sensing and Transmission Protocol
information into a data packet. The energy cost in a SB is Considering the energy cost of sensing, it is necessary to
denoted byEsp. harvest sufficient energggsg, before sensing can occur. How-

e Transmission Block (TB): the sensor transmits the newester, it is unwise to perform sensing as soon as the harvested
generated data packet (from the last sensing operation)ettergy reacheSsg because there will be insufficient energy
the sink with energy cosfrg, i.e., the transmit power is left for transmission after the sensing operation. The spent
Prg = Erp/T. If transmission is successful, we have an EH due to insufficient energy for transmitting the sensed
successful transmission block (STB); otherwise, we haugformation results in unnecessary delay. To avoid suchydel
a failed transmission block (FTB). We assume that suwe define the condition for the sensing operation as when
cesses/failures of each TB are mutually independent [11§e harvested energy in the battery exce&gs+ Erg. In this
[15]. The probability of a TB being a FTB, i.e., transmissiomvay, a transmission of sensed information occurs immelgliate
outage, is denoted b¥, ;. following after the sensing operation. We allow for a certai

Pwet|hwer/*

)

)



number of retransmissions, if transmission is not sucakssVariable with parametes, as we have mentioned in Sec. Il.A,
due to the fading channel, between the sensor and sittke energy accumulation process by consecutive EHBs can be
Such retransmission schemes are commonly implementedremated as @&oisson process [18]. Using the memorylessness
conventional WSNs [17]. However, retransmissions result property of the Poisson process [18, pp. 134], conditiorred o
large delays. Therefore, it is important to properly adjht that the available energy is higher than any given threshold
number of maximum retransmissions (which should be muehlue, the amount of energy exceeding that threshalg,
smaller than that of conventional sensors) and start a nbas the same distribution with the harvested energy in each
sensing operation once that number is reached. We denotetiime block, i.e..Ewpr(hwpr). This proof is identical to [15,
maximum number of transmission &§, that is, a maximum Lemma 1]. |
of N — 1 retransmissions.

Having the protocol for sensing and transmission operation
described above, the sensor operates as follows: First,

For the convenience of describing the two metrics, as shown
eFig. 2, we usetsTtp ; to denote the block index for the
7t STB during the entire sensing and transmission operation

sensor uses several EHBs to harvest enough ?'@ Q%.gTB’ _ljgote that a successful transmission also means an infamati
and then a SB and a TB occur. If the transmission in the . .. .
update at the sink. Also, it is important to associate each

is successful, i.e., having a STB, the sensor harvests ¥ner o I : :
; . : transmission with its information content. To this end, we
(taking several EHBs) for the next sensing period when the . . .
S use tgp,; to denote the block index for the SB in which
battery energy exceeddg + Erg. If the transmission in the ' ; oo ; L
Y ; the sensed information is transmitted in thth STB. In
TB fails, i.e., having a FTB, the sensor goes back to hanvgsti : . : .
other words, environmental information sensedtat ; is

energy (taking several EHBS) and performs a renanSm'SSIé)unccessfuIIy transmitted to the sinktgtrs ;. Next, we define

when the battery energy exceefigs. Retransmission may two delay-related metrics. For simplicity and without lass

occur several times until the sensed information is sufekgs : :
: . ) o enerality, we use the number of time blocks as the delay
transmitted to the sink or the maximum transmission humbgr

N is reached. Then, the data packet at the sensor is drop;r)%%mc'
and the sensor goes back to harvest the energy for a ndwSuccessful Transmission Delay

sensing operation. If the sensed information is successfully transmitted to
Fig. 2 illustrates this process with the maximum number @fe sink, we need to know how long it takes from sensing
transmissions set t&/ = 3. The first block in Fig. 2 is a SB, the information to the successful transmission of the sknse
followed by two FTBs (and two EHBs in between). Since thgyformation, i.e., thesuccessful transmission delay. A longer
third TB is a STB, the sensed information in the first SB igyccessful transmission delay means a more outdated iaform
successfully transmitted to the sink. Then, the sensorases tjgn is received by the sink. For thith STB, the successful
EHB to harvest energy to conduct sensing in the next SB. Aft@ansmission delay is given by the number of time blocks from

the seco_nd SB,.there are three FTBs. Thus, the retransmissti&d to tsrs,; (shown in Fig. 2). The successful transmission
process is terminated afté¥ = 3 is reached. As a result, thegelay is quantified as

sensed information in the second SB is not transmitted to the

sink. Note that the time indices shown in Fig. 2 will be defined Tstp,; = tstBj — tsBj, J=1,2,3,... 3)
in Sec. lll. According to the sensing and transmission protocol defined
lIl. DELAY RELATED METRICS in the previous section, each SB is directly followed by a

TB. From Lemma 1, the distribution of available energy after

Ats desc;nb_ed In th_e prewou_sblsectlon, tht? t_sen5|fng é‘é y TB is the same. Hence, the distribution of the available
(re)transmission requires a variable amount of time for hergy after the first TB followingsg ; is the same for all

which may result in significant delays in obtaining the taege . ConsequentlyTsrp ; j — 1,2 are independent and
. g7 =12,

enwronmental mformauon at the sink. In this section, w entically distributed (i.i.d.). For convenience, we r@ra
define two metrics to measure the delay performance of t Sbscriptj for Tsrp in (3)

considered sensing and transmission protocol. To enatie us Note that the definition of successful transmission delay is

define the two metrics as random variables, we first Presefl same as that in [10], which is the delay since a packet

Lemma 1. arrives at the source until it is successfully transmitiedhie
Lemma 1. The amount of energy in the sensor’s battery aft@estination. But in our scenario, due to the transmissidagei
each TB is an exponentially distributed random varialtlg, and an imposed maximum number of transmissions, some
with pdf: sensed information may not be successfully transmittetigo t
i, (€) = 167;7 @) sink. The term successful transmission delay reflects tbie fa
° that this metric is only concerned with successful transiors

wherep is the average harvested energy in each EHB giv&h Sensed information.

in (1). B. Update Cycle

Proof. Because the harvested energy in each EHB,Each successful transmission means an update of the sensed
Ewpr(hwpr) is an exponentially distributed random information held by the sink. Therefore, we are also intees



Update cycles (see Sec. 111.B)
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Successful transmission delays (see Sec. Ill.A)
Fig. 2 lllustration of update cycle and successful transiais delay.

in measuring how often the sensed information is updated atAs a special case, we consider removing the constraint
the sink. We define the number of time blocks between twan the maximum number of transmissions so that all sensed
adjacent STBs as thgpdate cycle (shown in Fig. 2). A short information is eventually transmitted to the sink.

update cycle means that the sensed information is update%at

; ) ) orollary 1.2. Tsrp increases withV, and whenN — oo,
the sink very frequently. The update cycle is defined as the asymptotic upper bound @y is given by

TUC,j = tSTB,jJrl - tSTB,jv j = ]-a 273a (4) 14+ STBP ¢
. _ _ p Lou
Using Lemma 1, it is also easy to show th&tc ; are im Tstp = 1- P (8)

independent and identically distributed (i.i.d.) for all For
convenience, we remove the subscripydbr Tyc in (4). We
also useUC to denote the sequence of time blocks from
arbitrary STB to the next STB.

Proof. It can be shown that the derivative @fytp W.r.t.
afY (treating N as a continuous real number) is larger than
0. In addition, whenN — oo, we have (Poy)Y —
0 andN(P,.)N — 0. The upper bound is easily ob-
IV. ANALYTICAL RESULTS tained. [ |

In this section, we derive the probability mass functiongemark 1. From the above analytical results, we have that:
Egrzgsrz] olf ;[h(?,[hdelay—.re!atﬁd r:netrlc%TD_andgqc n ordér i) From Theorem 1, we know thafstp is independent of
plete the statistical characterization. Using thasés, the energy cost of sensingsp,? because the delay is only

the average values dfsrp andTyc are derived. affected by the energy harvesting and retransmissions that

A. Successful Transmission Delay happen after the sensing operation.
Allowing a larger maximum number of transmissions

Theorem 1. The pmf of successful transmission delay is given") . o .
increases the average successful transmission delay. This

b ) o )
y might suggest that retransmissions should be avoided.
Pr{Tsrp=k} = However, the successful transmission delay does not take
min(h,N} (- D)Erm kferi( (_(n=Dérn into account the cases where se_nsed info_rmation is not
P p P successfully transmitted to the sink. In this regard, the

_ n—1
> (1 = Pou) (Pout) A= B =t "=1 update cycle implicitly captures such cases,

n=1
5
©) B. Update Cycle
where P, and Esg are defined in Sec. Il and/ is defined Theorem 2. The pmf of update cycle is given in (9), shown

in Sec. lll.
Proof. See Appendix B (which uses the definitions in Ap?t the top of the next page.
pendix A). B Proof. See Appendix C. |

From (5), the average value @krp can be easily deter- Corollary 2.1. The average update cycle is given by
mined. N
(Pout)

Corollary 1.1. The average successful transmission delay is Tve = Ngn + 1— (Pou)N (N +1) + Asue + 1, (10)
given by
7 Ao + (A 1)5T13 ) where
STD — Asuc suc — N
P (SSBtTfJg;E‘izglz\jom) + (SSB + AsuchB>
where Ngm = . (11

p

N(Pout>N+1 - (N + 1)(Pout>N +1 (7)

Asuc = .
(1 - (Pout)N)(l - Pout) 2This is different to the case dfyc, shown in the next page.



min{k—1,N} | E5222

Pr {TUC = k} - Z (1 - Pout)(Pout)nil Z (PO

)Nm ((1+m)ESB+(nJrNm)gTB)k—(nH)—m(NH)
ut :

p
n=1 m=0
1 N 1
o (- 0 Nl
p (k—(n+1)—m(N +1))!
C)
Corollary 2.2. Tyc decreasesi withV, and whenN — oo,
the asymptotic lower bound dfyc is given by 02066 :
e = ~
_ 1 &
ngn Tuc=—(EsB+ErB/ (1 = Powy)) +1/ (1 — Poue) +1. o 002f
P (12) g ooif
Proof. The proof is similar to Corollary 1.2, hence is omit e 20 40 60 80 oo = 140
for brevity. ] Tstp, time blocks

0.03 T
Remark 2. From the above analytical results, we have -

i) From Theorem 2, we know thaftyc is affected by th
energy cost of sensing;sg. A larger Esg means mot
EHBs are required to harvest a sufficient amour
energy to have a SB or multiple SBs between adj: —
STBs. 0o 20 40 60 80 100 120 140

i) A larger maximum number of transmissions shorten T, time blocks
average update cycle, because allowing more retrans-
missions increases the chance of having a successful
transmission. This might suggest that it is also better Id1€ SNR at the sink can be written as
increaseN to reduce the update cycle. But increasiig |h|*Prs
also increases the successful transmission delay. There- 1= T hgz
fore, there is clearly a tradeoff between the two metric?]vherePTB _

pmf of Tyc
o o
o o
=3 ]

Fig. 3 pmfs forTstp and Tuc.

(14)

Erp/T, andh is the source-sink channel fading.
V. NUMERICAL RESULTS For the numerical results, we assume thats block-wise

In this section, we present numerical results on the suFéflelelgh fading. The outage probability can then be written

L das
cessful transmission delay and update cycle. We assume a o2
1 MW TV tower [3] as the ambient RF power source at Pouy =1 —exp (7) ~ (15)

P
a distance ofl.71 km from the sensor. We set the distance ) L T . .
between the sensor and the sinkdas: 50 m and the noise BY @PPlying (15) to the analysis in the previous section, we
power at the sink as? = —90 dBm [19]. For both the power COMPUte the expressions of the pmfsigirp andTyc as well

transfer link and the sensor-sink transmission link, theh pa2S their average valuesrp andTyc. o
loss exponent is set as = 3 [11]. The energy conversion 19 3 shows the pmfs ofsrp and Tyyc given in Theo-
efficiency is set ag = 0.5 [16]. The duration of a time block "6Ms 1 and 2, respectively. Note that the pmfs generallyaann
is 7 — 1 millisecond [15]. Under such a setting, the averag® accurately approximated by well-known distributionsfs
harvested energy at the sensor during each EHB=is0.1 uJ 85 Blnomlarll, Geometric or E’O'SSQ”H o
(i.e., the average received power(i® mW and the average ' 19: 4 showsTsrp and Tyc with different V. We see
harvested power i8.1 mW)3. Unless otherwise stated, we sefhat the average update cycle increases with energy cost of
N =10 and&rp = 1 pd (i.e., Prg = 1 mW)~. sensing, while the average successful transmission delay d

In the following, we assume that the transmission outad@t change with energy cost of sensing. A& increases,

from the sensor to the sink occurs when the SNR at the sibkC @PProaches its analytical lower bound Eg. (12), while
~, is lower than SNR thresholg, — 40 dB [20]. Thus, the TsTp approaches its analytical upper bound Eq. (8). Since the
outage probabilityP,. is given by existing studies in the literature commonly ignore the gper

cost of sensing, we also include the result with zero energy
Pyt =Pr{y <}. (13) cost of sensing, i.e., settinfsg = 0 uJ. When&sg = 0 uJ,
we see thafy¢ is almost constant around the valued6fand
3Such a received power is sufficient to properly activate tReERI circuit, does not change much witN
e.g.,, a typical input power sensitivity level at the RF-DCnwerter is . ; = —
~20 dBm [16]. _F|g. 5 shows the tradeoff betweéhyTp _and TU_C. The
4The typical transmit power of wireless sensors is severdiwatts [8]. different points on the same curve are achieved with differe



90

v Tye, &p=2n

7’~U(,_ Eqp=1pn]
4 Tyc &
Tgpp independent of Egp

80

70

60

Yvy 50
60 YYYYYYYYYVYYYTY

‘1
3

Tyc or Typp. time blocks
IS
3

S A0} AAAAAAAAAAAALAALAALAALALALALAALAAS = 20
s 60
= 20
20f 50
10
o ‘ ‘ ‘ ‘ B —— : -J 0‘ ‘ ‘ ‘ ‘ ‘ ‘
1 5 10 15 20 25 1 5 10 15 20 25 0.1 05 1 15 2 25 3
N Typp. time blocks &rps il
Fig. 4: Tstp andTuc vs N. Fig. 5: Tradeoff betweeflyc and Tstp. Fig. 6: Tstp andTuyc VS ETs.
N. When the energy cost of sensing is comparable to or larger APPENDIXA: EVENT DEFINITIONS

than the energy cost of transmission, e&p = 1 uJ and g assist the proofs of the main results, we define several
&sp = 2 pd, the reduction inlsTp requires a significant gyents (according to [18]) for convenience:

increase inlyc, and vice versa. However, when the energy
cost for sensing is negligible, e.@sg = 0 1J, such a tradeoff *
becomes almost unnoticeable: a significant chang&sifp
does not result in a noticeable changeTipc. The trends

in Fig. 4 and 5 are in accordance with our observations in

Remarks 1 and 2. _ _ _ o Agmup,c: @ EHBs occur after a TB to make the available

cost of transmissiogrg (or effectively the transmit power). From the definitions, we know thatss _prps andAsp_sTs.i

We see thatlyc first decreases and then increases witlire mutually exclusive events, and they collectively caetepl
increasing transmit power. This is as expected: if the trans the set of all possible sequences of TBs after a SB before
power is very small, theP,,. is very high, resulting in a the next SB occurs. Thus, the union set/dfp_stp,;, for
large number of retransmissions until the sensed infoomati® = 1t7 2, ...y Jtvtllf denoted 2%513—”%38 which is the comple-

is successfully transmitted 6 — 10 is reached. As a result, oY S€ OsB-FTBs. AISO WE hAVE

Asp_rTBs: Given a SB, it is followed byV FTBs, i.e.,
all the N transmissions are failed.

e Agp_sTB,i;1 <i < N: Given a SB, it is followed by

TBs before the next SB, i.e., the first 1 TBs are FTBs,
while the last TB is a STB.

Tuc is large when the transmit power is small. If the transmiPr {Ass_rres} = (Pout)”, (16)
power is too large, a significant amount of time is spent ORr {Asg st} = (Pout)' (1 — Pout) = (Pout)' (1 — Pout).
charging the sensor in order to reach the required transmit 17)

power, thuslic is large as well. In contrast witfiyc, we Sée  From Lemma 1 and its proof, we know that the energy
that Tsp first increases and then decreases with increasiagcumulation process during EHBs after a TB is a Poisson
transmit power. Firstly, the number of transmissions cannprocess, thus, we have

be larger thanV. If the transmit power is almost zero, not (e/p)ie=</

much time is needed to charge the sensor to perform all the Pr{Agus.i.c} = g t=0L2.. (18)
necessary (re)transmissions. Hen€grp is very small with '

sufficiently small transmit power. When the transmit poveer i

very large, the probability of successful transmission esyv _A_P_PEND'XB: PR_OOF_ OFTHEOREM 1
high, i.e., the occurrence @rp — 1 is often, and thugsro The def|n|t|or_1 of Tstp implies th_at one of the events
. I Asp_sTB,i, fOri=1,2,..., N, occur, i.e.,Asg_prBs OCCUIS.
IS smail. Thus, we have
Pr{Tstp = k} = Pr{Tstp = k|Asp_rrBs } - (19)
VI. CONCLUSIONS From the law of total probability

Pr{Tsrp = k} = Pr{Tstp = k|AsB_rrBs }
In this work, we investigated two delay-related metrics for

transmission of information with energy harvesting, tajimto - Z Pr{Tstp = k|Asp-s18.n, Asp-rras } -
account the energy costs of both sensing and transmissien. W " Pr {A A )
illustrated the tradeoff between successful transmisdiglay SB-STB,n[ASB-FTBs 1 »

and update cycle, which is an important design consideratio-.> "Pr {Tsrp = k|Ass_s18.. }Pr {Asp_s7B n|Asp_Frs },

when the energy cost of sensing is comparable to the energy = (20)
cost of transmission. Closed-form expressions were d&rivgyherey, represents the number of TBs durifigrp blocks,
for both metrics which can be used to assist the transmissi@m(a) is true since\sp_sTB , IS @ subset of\sp_FTBs. Itis
design of future wireless-powered sensor networks. easy to see that when> k, Pr {Tstp = k|Asp—stB,n} = 0.



When n > N, Pr{Asg_stB,n|Asg_rrBs} = 0. Thus, Since the probabilities oksg_prps andAsg_sTs,, do not

in (20), the summation should be taken from = 1 to change with time (see Lemma 1 and Appendix A), we have
min {k, N}. Thus, ink time blocks, except fon TBs, there ~ )

arek — n EHBs to harvest energy for conducting— 1 TBs.  P* {Ass—rrs. happensm times, then a\sg—sts,» happens

The first TB happens directly after the SB, hence, does not= Pr{Asp_rrBs}” Pr{Asg_stBn} = Pr{Asp_rrBs}" .
require extra EHBs. From (18), the conditional probability (27)
(20) is given by

Therefore, by taking (16), (17), (27), (26), (25) and (24)
Pr{Tstp = k|Asp-stB,n} = Pr{Apupk—n,(n-1)ers } into (23), the pmf ofTy¢ is given in Theorem 2.

(("*35TB)kz&p(4K"*25TB) (22)

—n)!
(k—mn)! [1] S. Sudevalayam and P. Kulkarni, “Energy harvesting sensodes:
From (16) and (17), we have Survey and implications,JEEE Commun. Surveys Tuts., vol. 13, no. 3,
pp. 443-461, Third Quarter 2011.
(Pout)n—l(l — Pout) [2] R. Shigeta, T. Sasaki, D. M. Quan, Y. Kawahara, R. VyasT®htzeris,
~ (22) and T. Asami, “Ambient RF energy harvesting sensor devicéh wi
1 — (Pout) capacitor-leakage-aware duty cycle contréBEEE Sensors J., vol. 13,
. . . no. 8, pp. 2973-2983, Aug. 2013.
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