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Abstract— In this paper, the design of a wireless communica-  The availability of an inexhaustible but unreliable energy
tion device relying exclusively on energy harvesting is candered.  source changes a system designer’s options considerabiy, ¢
Due to the inability of rechargeable energy sources to cha® nareq to the conventional cases of an inexhaustible reli

and discharge at the same time, a constraint we term thenergy . . .
half-duplex constraint two rechargeable energy storage devices ergy source (powered by the grid), and an exhaustible ieliab

(ESDs) are assumed so that at any given time, there is always€N€rgy source (powered by batteries). There has been recent
one ESD being recharged. The energy harvesting rate is assesh research on understanding data packet scheduling with an
to be a random variable that is constant over the time intervé  energy harvesting transmitter that has a rechargeableriatt

of interest. A save-then-transmi(ST) protocol is introduced, in a5t of which employed a deterministic energy harvesting
which a fraction of time p (dubbed the save-ratio) is devoted L . .

exclusively to energy harvesting, with the remaining fracion 1—p model.. In BJ’ the transmission time for a given amount odat
used for data transmission. The ratio of the energy obtainale Was minimized through power control based on known energy
from an ESD to the energy harvested is termed thenergy storage arrivals over all time. Structural properties of the optimu
efficiency, 7. We address the practical case of the secondary ESD solution were then used to establish a fast search algarithm
being a battery with »» < 1, and the main ESD being a super- 1pjs \work has been extended to battery limited cases in

capacitor with n = 1. Important properties of the optimal save- - . . .
ratio that minimizes outage probability are derived, from which [4], battery imperfections in[5],[16], and the Gaussianayel

useful design guidelines are drawn. In addition, we compare channel in [[Y]. Energy harvesting with channel fading has
the outage performance of random power supply to that of been investigated in[8] andl[9], wherein a water-filling &yye
constant power supply over the Rayleigh fading channel. The allocation solution where the so-called water levels folla
diversity order with random power is shown to be the same as staircase function was proved to be optimal.

tl'!at of constant power, but the performance gap can be large. | . h ltiol h fi irel
Finally, we extend the proposed ST protocol to wireless netorks n sce_narlos W_ere multiple energy _arves Ing wireless
with multiple transmitters. It is shown that the system-lewel devices interact with each other, the design needs to adopt
outage performance is critically dependent on the number of a system-level approach [12], [13],]14]. In[13], the mediu
tra.m.snjlitte.rs and the optimal save-ratio for single-channéoutage gccess control (MAC) protocols for single-hop wirelessssen
minimization. networks, operated by energy harvesting capable devieas, w
Index Terms—Energy harvesting, save-then-transmit protocol, designed and analyzed. In"[14N energy harvesting nodes
outage minimization, fading channel, energy half-duplex en- with independent data and energy queues were considered,
straint, energy storage efficiency, TDMA. and the queue stability was analyzed under different MAC
protocols. An information theoretic analysis of energy-har
vesting communication systems has been provided_in [15],
. INTRODUCTION [16]. In [15], the authors proved that the capacity of the

The operation of communication networks powered eith@VGN channel with stochastic energy arrivals is equal to
largely or exclusively by renewable sources has becorf¥ capacity with an average power constraint equal to the
increasingly attractive, both due to the increased desire 3Verage recharge rate. This work has been extended in [16]
reduce energy consumption in human activities at large, a}gjthe fa_dmg Gaussian channels with perfect/no channed sta
due to necessity brought about by the concept of networkifformation at the transmitter. _
heterogeneous devices ranging from medical sensors ¢wefin t DU€ to the theoretical mtracta_\blllw of onl_lne power sculed _
human body to environment sensors in the wilderngss [#]9 under the energy causality constraint (the cumulatlye
[1]. Sensor nodes are powered by batteries that often canfiBgrgy consumed is not allowed to exceed the cumulative
be replaced because of the inaccessibility of the devic&€§€rgy harvested at every point in time), most current reea
Therefore, once the battery of a sensor node is exhausted,iffocused on an offline strategy with deterministic chazamel
node dies. Thus the potentially maintenance-free andaliytu €Nergy state information, which is not practical and caryon_l
perpetual operation offered by energy harvesting, WhereBSPV'de an upper bound on system performance. An earlier

energy is extracted from the environment, is appealing. que of research considers the _problem_ of energy mangge!”nent
with only causal energy state information, in communiaagio
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Communication Block exponential power is the same as that with constant power ove
the Rayleigh fading channel, the outage probability curag m
T A=pT only display the slope predicted by this diversity analyatis
substantially higher SNRs.

Finally, we extend the ST protocol for the single-channel
case to the general case of wireless network with multiple
transmitters. We propose a time division multiple access
(TDMA) based ST (TDMA-ST) protocol to allocate orthogo-
nal time slots to multiple transmitters that periodicalgport
to a fusion center. Specifically, we consider two types ofseu
data at transmitters as follows:

o Independent Data transmitters send independent data
packets to the fusion center for independent decoding;

« Common Data transmitters send identical data packets
to the fusion center, where diversity combining is applied
to decode the common data.

Fig. 1. Save-Then-Transmit (ST) Protocol

In this paper, we focus our study on the design of practical _ )
circuit model and transmission protocol for energy haimegst 't iS shown that for both cases if the number of transmitférs
wireless transmitters. To be more specific, we consideri&Smaller than the reciprocal of the optimal transmitergti—
wireless system with one transmitter and one receiver, with for the single-channel outage minimization, all transend
the transmitter using aave-then-transmiST) protocol (see €@N operate at their individual minimum outage probability
Fig. [) to deliverQ bits within 7' seconds, the duration of However, asV goes up and exceeds this threshold, the system-
a transmission frame. Because rechargeable energy stor§yg! outage performance behaves quite differently fortve
devices (ESDs) cannot both charge and discharge simultaf&€s of source data. . _
ously (theenergy half-duplex constrajyan energy harvesting 1he rest of this paper is organized as follows. Secfion Il
transmitter needs two ESDs, which we call the main ESBy€sents the system model. Section 11l considers finding the
(MESD) and secondary ESD (SESD). The transmitter dra\;‘;gt_imal save-ra_tio for ogtage minimization and analyzss it
power from the MESD for data transmission, over which timgarious properties. Sectidn IV compares the outage perfor-
the SESD is connected to the energy source and chargesIpnce between fixed power and random power. Segtion V

At the end of transmission for a frame, the SESD transfefdroduces the TDMA-ST protocol for the multi-transmitter
its stored energy to the MESD. A fractign(called the save- ¢@S€: SectioR VI shows numerical results. Finally, Sed¥dn

ratio) of every frame interval is used exclusively for energtoncludes the paper.
harvesting by the MESH. The energy storage efficiency

denoted byn, of each ESD may not be 100 percent, and a
fixed amount of powel”, is assumed to be consumed by thé. Definitions and Assumptions

transmitter hardware whenever it is powered up. The frameThe plock diagram of the system is given in Fig. 2. The
interval T" is assumed to be small relative to the time constaghergy harvested from the environnfistfirst stored in either
of changes in the ESD charging rate (or energy arrival ratghe MESD or the SESD at any given time, as indicated by
The energy arrival rate is therefore modeled as a rand@fitch a, before it is used in data transmission. The MESD
variable X in Joules/second, which is assumed to be constay¥wers the transmitter directly and usually has high power
over a frame. density, good recycle ability and high efficiency, e.g. aestp
Under the above realistic conditions, we minimize the ougapacitor [17]. Since the MESD cannot charge and discharge
age probability (to be defined in the next section) gwerhen  simultaneously, a SESD (e.g. rechargeable battery) stgres
transmitting over a block fading channel with an arbitraryarvested energy while the transmitter is on, and transfiérs
fading distribution. In this work, we particularize to these jts stored energy to the MESD once the transmitter is off. We
where the MESD is a high-efficiency super-capacitor withssume in the rest of this paper that the SESD is a battery
n =1, and the SESD is a low-efficiency rechargeable battefyith an efﬁciencynﬁ wheren € [0,1]. This means that a
with 0 < n < 1. Based on the outage analysis, we compafgction 5 of the energy transferred into the SESD during
the performance between two system setups: the (new) cag@irging can be subsequently recovered during discharging
with random power supply versus the (conventional) cas§e otherl — 5 fraction of the energy is thus lost, due to e.g.
with constant power supply, over the Rayleigh fading channgattery leakage and/or circuit on/off overhead. The reasfon
It is shown that energy harvesting, which results in timehoosing a single-throw switch (switehin Fig.[2) between
varying power availability in addition to the randomness$t® the energy harvesting device (EHD) and ESDs is that syittin
fading channel, may severely degrade the outage perfoenange harvested energy with a portion going to the SESD, when

To be concrete, we further consider exponentially distébu the transmitter does not draw energy from the MESD, is not
random power, and show that although the diversity orddr wit

Il. SYSTEM MODEL

2Wind, solar, geothermal, etc.
INote that the energy source can be connected only to eiteeBESD or 3In practice, the battery efficiency can vary fr@0% to 99%, depending
the MESD, but not both. on different recharging technologigs 18].



the MESD within a negligible charging time, at efficiency

C
n. In other wordsp is closed and switches andc are
— Main Energy 5-— Transmitter open in FIgDZ
a Storage Device
‘J< B. Outage Probability
H:&Zﬁ?{ng b ./ Itis clear that the energy harvesting r&ds a non-negative
Device ‘/ﬁ random variable with finite support, i.e) < X < Py <
oo, as the maximum amount of power one can extract from
Secondary any source is finite. Supposé (z) and Fx (x) represent its
"] Fnergy Storage probability density function (PDF) and cumulative distrilon
function (CDF), respectively. According to the proposed ST
protocol, the total buffered energy in the MESDtat pT'
(the start of data transmission within a transmission st)
Fig. 2. Energy Harvesting Circuit Model given by
Er=X[p+n(1-p)]T. 2)
energy efficient due to the SESD’s lower efficiency. Note th&tenote P = OLE—;)T =X l%p +n} as the average total

at the current stage of research, the optimal detailedtsiieic power, which is constant over the éntire transmission perio
of an energy harvesting transmitter is not completely knovghd P, as the circuit power (i.e. the power consumed by the
and there exist various models in the literature (see elg. [Bardware during data transmission), again assumed canstan
[6], [9]). The proposed circuit model, given in FIg. 2, prdeés  The mutual information of the channél (1) conditioned &n
one possible practical design. and the channel gaih is (assumingP > P.)

We assume thaf) bits of data are generated and must be (P — P,)|hJ?
transmitted within a time slot of duratiof? seconds (i.e., Rr = log, (1 + 7;) =log, (14 (P — P.)T)
delay constrained). In the proposed ST protocol, the satie-r Tn A3)
p is the reserved fraction of time for energy harvesting by,arep — @ with PDF fr(-) and CDFFr-(.).
the. MESD within one trar_lsmission slot. In other words, data g5 4 trafismitter with energy harvesting capability and
delivery only takes place in the lagt — p)T" seconds of each working under the ST protocol, the outage event is the union
time slot, which results in an effective rate 8ts = =37  of two mutually exclusive events: Circuit Outage and Channe
bits/sec. We also allow for a constant power consumptia.of o aqe. Circuit outage occurs when the MESD has insufficient
Watts by the transmitter hardware whenever it is powered Oéhergy stored up at — pT to even power on the hardware
The combined influence of, n and P, on outage probability for the duration of transmission i.62; < P.(1 — p)T" or

is quantified in this work. , equivalentP < P.. Channel outage is defined as the MESD
Assume a block-fading frequency-nonselective channgling sufficient stored energy but the channel realizatives
where the channel is constant over the time §loOver any |, support the required target rafieg = —< . bits/s.

time slot, the baseband-equivalent channel output is diyen Recalling thatX ¢ [0, Py], the probéltﬁﬁ%iTes of Circuit

y="h-z+n, (1) Outage and Channel Outage are therefore:
circuit __
where z is the transmitted signaly is the received signal, Pou™" =Pr{P < P} .
andn is i.i.d. circularly symmetric complex Gaussian (CSCG) _ { Fx [o()] if Pa>¢() 4)
noise with zero mean and varianeg. 1 otherwise

For any frame, the ST protocol (cf. Figl 1) is described as pchannel — pr{log, (1 + (P — P.)I') < Reg, P > P.}

follows: oRetr _ q

« During time interval(0, pT], harvested energy accumu- = Pr{F < W’P > PC}
lates in the MESD, which corresponds to the situation Py
that switches, ¢ are open and connects to the MESD B [x(z)Fr [g(-)]dz if Py > ¢(:)
in Fig.[2; - 10! )

« From time pT to T, the transmitter is powered on for 0 otherwise
transmission with energy from the MESD. Since the ®)
transmitter has no knowledge of the channel state, w S T=0IT _1

_ _ _P
assume that all the buffered energy in the MESD is usg@wereg(p, > Pe) = w[Z5 +n]—Pe and ¢(p, 1, Pe) = e, tn
MESD cannot charge and discharge at the same tin%ve. it follows that
the SESD starts to store up harvested energy while the p, , — pcircuit | pchannel
transmitter is on. Referring to Fif] 2, is closed,b is

\ _ Fx [o()] +
open andu switches to the SESD; P I de it P 6
« Attime T, the transmitter completes the transmission and o() Fx (@) Fr [g()]do i P = o) ©)
powers off. The SESD transfers all its buffered energy to 1 otherwise



For convenience, we define Lemma3.1: The minimum outage probability whep= 1
and P. = 0 is given by

Py
Pout(p,n, Pe) = Fx [6()] + fx(@)Frlg()]dx (7) Pr 2Q/T _ 1
50 Pr1,0)= [ fx(@)Fr [7] i ®
0
whereP,.:(p,n, P.) < 1 and Py > ¢(+). and is achieved with the save-raj6(1,0) = 0.
Unlike the conventional definition of outage probability in  Proof: Please refer to Appendix] B. [ ]

a block fading channel, which is dependent only on the fadingLemmd3.1 indicates that the optimal strategy for a transmit
distribution and dixed average transmit power constraint, irter that uses no power to operate its circuitry powered by two
an energy harvesting system with block fading and the SDs with 100 percent efficiency, is to transmit continupgsl
protocol, both transmit power and channel are random, anthis is not surprising because the SESD collects energy from
the resulting outage is thus a function of the save-ratithe the environment just as efficiently as the MESD does, and
battery efficiencyy and the circuit powef.. so idling the transmitter while the MESD harvests energy
wastes transmission resources (time) while not reaping any
gains (energy harvested). However, we will see that thisiig o
true when there is no circuit power and the battery efficiency
In this section, we design the save-rafiofor the ST is perfect.
protocol by solving the optimization problem

IIl. OUTAGE MINIMIZATION

B. Inefficient Batteryn < 1 and P. =0

(P1): 012)21 Pout When the SESD energy transfer efficiengy: 1 and P. =
0, (P1) becomes
i.e. minimize average outage performangg,; in (6) over Py Q_
p, for any givenn € [0,1] and P. € [0,00). Denote the (P3): min. Fx(@)Fr 20T —1)
optimal (minimum) outage probability a8}, (n, P.) and the O=p=l Jo I(Tpp +1)

optimal save-ratio ap"(n, I:). Note thatp 1 represents  here the optimal value of (P3) is denoteds,, (17, 0), and
transmission of a very short burst at the end of each frante, gfo optimal save-ratio is denoted aS(7, 0).

the rest of each frame is reserved for MESD energy harvesting| emmas.2: When SESD energy transfer efficiengy< 1

p = 0 is another special case, in which the energy consumggy circuit powerP. = 0, the optimal save-ratip has the
in framei was collected (by the SESD) entirely in frarhe 1. following properties.

(P1) can always be solved through numerical search, but it '31) A“
challenging to give a closed-form solution fp¥(n, P.) in

dx

phase transition” behavior:

terms of P, and n in general. We will instead analyze how p*(n,0) =0, ne {Qf?i—l’ 1>

p*(n, P.) varies with P, andn and thereby get some insights 2T (lné)% (9)

in the rest of this section. p*(n,0) > 0, ne [07 QfTil)

Proposition3.1: P,..(p,n, P.) in (@) is a non-increasing 27 (In2)

function of battery efficiency) and a non-decreasing function 2) p*(n,0) is a non-increasing function f for0 <z < 1.

of circuit power P, for p € [0,1). The optimal value of (P1) Proof: Please refer to AppendixIC. ]

Pz ,.(n, P.) is strictly decreasing witly and strictly increasing  According to [9), if the SESD efficiency is above a thresh-

with P.. old, the increased energy available to the transmitter éf th
Proof: Please refer to Appendix]IA. B MESD rather than the SESD collects energy ofepT] is

The intuition of PropositioB1] is clear: If n grows, the not sufficient to overcome the extra energy required to trains
energy available to the transmitter can only grow or remaat the higher rateR.s over (pT,T]. The result is that the
the same, whatever the valuesofind P., henceP,,; must optimalp is 0. On the other hand, if is below that threshold,
be non-increasing withy; if P. grows, the energy availablethen some amount of time should be spent harvesting energy
for transmission decreases, leading to higRgy;. using the higher-efficiency MESD even at the expense of

losing transmission time. Lemnia_B.2 quantifies precisedy th
interplay among), @Q, 7" and p.
A. Ideal Systemy = 1 and . = 0 We should note here that even though we consider the

Suppose that circuit power is negligible, i.e. all the egergase of having two ESD’s, by setting= 0, we effectively
is spent on transmission, and the SESD has perfect energgmove the SESD and hence our analysis applies also to
transfer efficiency. The conditio; > P./(t2- + n) is the single-ESD case. According td (9), if we only have one

always satisfied, and problem (P1) is simplified to ESD, the optimal save-ratio (0, 0), which is always larger

than 0. This is intuitively sensible, because with only one

Pu =T _ — ESD obeying the energy half-duplex constraint, it would be
(P2): min. fx(z)Fr 2 T-)d p)] dx ying 9y P

0<p<1 0

impossible to transmit all the time & 0) because that would
leave no time at all for energy harvesting.

T

where t.he thImal V.alu.e of (PZ) IS denmed@ﬁt(l’ 0)’ and 4Except for the time needed in each slot to transfer energy tte SESD
the optimal save-ratio is denoted aY1, 0). to the MESD, which we assume to be negligible.



C. Non-Zero Circuit Powern <1, P. >0 power similarly determined the fundamental tradeoff bemve

Non-zero circuit power?. leads to two mutually exclusive €nergy efficiency and spectral efficiency (data rate)Lin [19]
effects: (i) inability to power on the transmitter for thie—p)7 1N Which it was shown that with additional circuit power
duration of transmission — this is whePy; < ¢(-) in (6); making use of all available time for transmission is not the
and (ii) higher outage probability iP; > ¢(-) because some best strategy in terms of both energy and spectral efficiency
power is devoted to running the hardware. In this paper, outage is minimized through utilizing avialiéa

Since -f=— decreases ag increases, its maximum value(random) energy efficiently, wherein circuit power causes a

= +n ..
. =p . . similar effect.
is %. Therefore, ifPy > L=, the transmitter would be able to

recover enough energy (with non-zero probability) to poarer

the transmitter, i.ep € [0,1). If Py < £=, by conditionPy; < IV. DIVERSITY ANALYSIS

P, fiop | ired o be | h L —1) | The outage performance of wireless transmission over fad-
2+’ save-raligy IS required to be larger thap- ntpe n ing channels at high SNR can be conveniently characterized
summary, by the so-calleddiversity order[20], which is the high-SNR

o If P.< Pyn slope of the outage probability determined from a SNR-oeitag

A plot in the log-log scale. Mathematically, the diversityder

Pout — Pout(pana Pc)a VP S [07 1) iS deﬁned as
o If P. > Pyn 1 P

N d= - lim 0810Fou) (13)

. o< Pl 700 logyo(7)

) = P

P = 1_;7;“7@ (10) WwhereP,,; is the outage probability angis the average SNR.

Pout(p,n,Pc), p > :HJF Z Diversity order under various fading channel conditions

TP has been comprehensively analyzed in the literature (gee e.

If P. > niH, referring to [ID), we may conclude thatj20] and references therein). Generally speaking, if thknia
p*(n, P.) > 1P—§*’7C due to the need to offset circuit IOOWerchannel power distribution has an accumulated density near

. *7f+57 h ically. th . . zero that can be approximated by a polynomial term, i.e.,
consumption. IfP. < 1Py, theoretically, the transmitter is 5 B> <€) ~ ¢*, wheree is an arbitrary small positive

able to recover enough energy (with non-zero probability f(Psonstant, then the constanindicates the diversity order of the

all p € [0,1)) to transmit. ) _ ) fading channel. For example, in the case of Rayleigh fading
Lemma3.3: For an energy harvesting transmitter with ba%hannel with P(|h|2 < 6) ~ ¢, the diversity order is thus 1
tery efficiencyn and non-zero circuit powep,, according to[[T3) <

P, 2% 1 However, the above diversity analysis is only applicable to
=5 <T@ a0 p*(n, Pe) > 0. (11) conventional wireless systems in which the transmitter has
H 2T (ln 2)— . . .
T a constant power supply. Since energy harvesting results in

Proof: Please refer to AppendixID. m random power availability in addition to fading channels,

Intuitively, the smaller the circuit power, the more enevgy the PDF of the receiver SNR due to both random transmit
can spend on transmission; the larger the battery efficiemcypower and random channel power may not necessarily be
the more energy we can recover from energy harvesting. Smdlynomially smooth at the origin (as we will show later).
circuit power and high battery efficiency suggest contirmiol\s a result, the conventional diversity analysis with canst
transmission £*(n, P.) = 0), which is consistent with our transmit power cannot be directly applied. In this section,
intuition. According to Lemma_3l3, larger circuit power mayve will investigate the effect of random power on diversity
be compensated by larger ESD efficiency (when the threshealdalysis, as compared with the conventional constant-powe
for n is smaller than 1). A non-zero save-ratio is only desired @fase. For clarity, in the rest of this section, we consider th
there exists significant circuit power to be offset or subiséh ideal system withy = 1 and P, = 0, and the Rayleigh fading
ESD inefficiency to be compensated. The threshold depergignnel withE[l'] = E['ij_‘;] = ﬁ =\

[ep

on required transmission rate. From [3) and[{B), the outage probability when= 1 and
Remark3.1: It is worth noticing that if we ignore the P, =0 is given by

battery inefficiency or sety = 1, Lemmal[3B could be 0

simplified as P, = Pr<l 1+PT) < ———— 7. 14
p t r{ 0gy(1+ PI') < (1—p)T} (14)

Q Q52
P> 2T(lni)T 27 + 1pH — p*(1,P.)>0 (12) Based on Lemm&a 3.1, the minimum outage probability is
27 (In 2)% achieved with the save-ratip = 0. Therefore, the outage

probability is simplified 4%

where only circuit powerP. impacts the save-ratio. Since
the MESD and the SESD are equivalent £ 1), harvest- < g

ing energy using the MESD is not the reason for delaying P, = Pr{PT < C} :/ / fp(p)fr(v)dydp  (15)
transmission. Insteach* > 0 when P, is so large that we 070
should transmit over a shorter interval at a higher power, SGgq convenienceP*

L L o , is used to represern’;
that the actual transmission power minimiz€s,,. Circuit section. o

out

(1,0) in the rest of this



where C = 2% — 1 and the last equality comes from the T G
assumption of Rayleigh fading channel so this exponential A —F
distributed. It is worth noting that in this case with= 1 IR —
and p = 0, according to[{R), the energy arrival rafé and w1 % BN . .
the average total poweP are identical and thus can be used BEEE
interchangeably. ™2 Pl % %
Clearly, the near-zero behavior Bf,,, critically depends on % i i
the PDF of random powefp(p), while intuitively we should 3 — - 2
expect that random power can only degrade the outage per-
formance. We choose to use the Gamma distribution to model

the random poweP, because the Gamma distribution models Z L . .
many positive random variables (RV5) [21], [22]. The Gamma EEE
distribution is very general, including exponential, Ragh, N

and Chi-Square as special cases; furthermore, the PDF of any
positive continuous RV can be properly approximated by the .
sum of Gamma PDFs. Supposing thatfollows a Gamma Fig. 3. TDMA based ST (TDMA-ST)
distribution denoted byP ~ G(5, A,), then its PDF is given

by As observedP;,, decays ag/~!In (%) rather thany~! as in
pﬂ_lexp(_ﬂ) the conventional case with constant power, which i_ndicthta‘s
Fr(p) = Ap U(p) (16) the PDF of the receiver SNR is no longer polynomially smooth
A T(B) near the origin. Hence, the slope Bf,, in the SNR-outage

here U(-) is th . f . is the G plot, or the diversity order, will converge much more slovidy
where (1) is the unit step un_c'uonl“(-) IS the amma 4~! with SNR than in the constant-power case, suggesting that
function, andg > 0, A, > 0 are given parameters. Referrin

; . e Yandom energy arrival has a significant impact on the ditsersi
t(; m,é_emma ZR]\’/Wh;ﬁh glv?s the d'sgr'gFth'O’T of t1hSe procjug%erformance. More specifically, we obtain the diversityesrd
of m Gamma RVs, the outage probability il [15) can the case of exponentially distributed random power as

computed as
. —logn¥+ 1o In#

= Ty 17 ¥ —00 lo ~
out F(ﬁ) Ap 1’ﬁ’0 ( ) - - - -7 . 107 .
. N _ which is, in principle, the same as that over the Rayleigh
wherg_G(-) IS the_ Meuer_G-functlonl]. _ fading channel with constant power. We thus conclude that
Meijer G-function can in general only be numerically evaludiversity order may not be as meaningful a metric of evahgpti

ated and does not give much insights about how random powgtage performance in the presence of random power, as in
affects the outage performance. Next, we further assunte thif conventional case of constant power.

the random poweP is exponentially distributed (as a special
case of Gamma distribution witd = 1) to demonstrate the
effect of random power.

Lemma4.1: Suppose thatP is exponentially distributed In this section, we extend the ST protocol for the single-
with mean .\, the channel is Rayleigh fading with[l"] = channel case to the more practical case of multiple tratesrsit
"—ZL = \,, and thus the average received SNR= A\, = in a wireless network, and quantify the system-level outage

A2 . N ) performance as a function of the number of transmitters in
Zz . The minimum outage probability’;, ., under an ideal the petwork.

out?

syatem withy = 1 and P. — 0, is given by

V. MULTIPLE TRANSMITTERS

e k+1 1 -
out — Z N2 ¢ ~k+1 —In g + 2¢(l€ + 1) A TOMA ST . . .
= (RD)?(E+ 1)+ [k +1 gl We consider a wireless network with' transmitters, each

(18) of which needs to transmif) bits of data within a time
. . . frame of durationT seconds to a common fusion center
wherey(z) is the_dlgammafunctlorm4] anld () represents (FC). It is assumed that each transmitter is powered by the
the natural logarithm. same energy harvesting circuit model as shown in[Big. 2, and
Proof: PIease_refer tq Appendix E u _ transmits over the baseband-equivalent channel modei give
In the asymptotically hlgh-_Sl\ﬁ?regme, WE can approxi- (. we also assume a homogeneous system setup, in which
mate F;,, by taking only the first term of (18) as the channel gains, energy harvesting rates or additiveesois
for all transmitter-FC links are independent and idenkjcal
(19) distributed (i.i.d).
In order to allow multiple transmitters to communicate with
6We assume that high SNR is achieved via decreasing noiser pofue the FC, we propose a TDMA based ST (TDMA-ST) protocol
while fixing the average harvested energy. as follows (cf. Fig[B):

*

‘E
2

o (1 ¢ +2w(1>) ~
v

v v



« Every frame is equally divided int&v orthogonal time which implies that the number of transmitters should be kept
slots with each slot equal t% seconds. below the reciprocal of the single-channel optimal tratismi

« Assuming perfect time synchronization, each transmitteatio; otherwise, the system outage performance will dégra
is assigned a different (periodically repeating) time slot
for transmission, i.e., in each frame, transmitteis

I 4 the i of -1 ; C. Common Data

L <i<N. . . . .
a ocatg the time s 0£ v L §l) 1<isN Next, consider the case where all transmitters send id@ntic
o Assumingp; = p for al

: is, each_tra_nsm_nter_mplementsdata packets in each frame to the FC, which applies diversity
th_e ST protocol \.N't.h the tran_sm|55|9n time in each fram@ombining techniques to decode the common data. For sim-
ar:|gned _to be W'th'n_ Its z_:\ssollgned grge slot; fs a rehsugiicity, we consider selection combining (SC) at the reegiv
the maximumtransmit-ratiq eno:]e. h M= p, (;]r eai but similar results can be obtained for other diversity comb
translm|tter cannot exceelf N, which means thap > ing techniques[[20]. With SC, the system outage probability
-~ _ o _ _is given by [20]

The protocol described above is illustrated in Eig. 3. Ualik N
the single-channel case where the transmitter can selgct an Pl = (Pout(psm, Pe)) ™ (23)

save-ratiop In the mteryal() <ps<L |1n the case of TDMA- Similarly to the case of independent data, we can get exactly
ST, p is further constrained by > 1— 5 to ensure orthogonal the same result for the optimal transmit strategy givefi &) (2

transmissions by all transmitters. Due to this limitatieach for the common-data case, with which the minimum system
transmitter may not be able to work at its individual minimurre)utage probability is obtain’ed as

outage probability unless the corresponding optimal satie- N
p* satisfiesp® > 1 — & or N < . In this case, ST { (Pra(n, Po))™, N <

PS* _
(Pout(l_%vnapc))]vv N>

)

=

1—p*
protocol naturally extends to TDMA-ST with every transmitt out — 1 (24)

operating at the optimal save-raj6. However, if N exceeds o o

the threshold—, transmitters have to deviate fropr From the above, it is evident that the system outage prababil
o =P - initi ; ;

to maintain orthogonal transmissions. Next, we evaluage tiitially drops asNV increases, provided thalV < #-

performance of TDMA-ST for two types of source data dfowever, whenN > =, it is not immediately clear

1—p*

transmitters: Independent Data and Common Data. whether the system outage increases or decreases/NWith
since increasingV improves the SC diversity, but also makes
B. Independent Data each transmitter deviate even further from its minimum geta

. . . . save-ratio according t@ (22).
First, consider the case where all transmitters send indepe g )

dent data packets to the FC in each frame, which are decoded
separately at the FC. Under the symmetric setup, for a given
p, all transmitters should have the same average outage peth this section, we provide numerical examples to validate
formance. Consequently, the system-level outage perfocenaOur claims. We assume that the energy harvesting fate
in the case of independent data can be equivalently measuf@pws a uniform distribution (unless specified otheryise

VI. NUMERICAL EXAMPLES

by that of the individual transmitter, i.e., within [0,100] (i.e., Pz = 100 J/s), and the channel is
. Rayleigh fading with exponentially distributddwith param-
out = Lout (1, Pc). (21) eter A = 0.02. We also assume the target transmission rate
We can further investigate the following two cases: Rioq = % =2 bits/sl] » o
« N < 1 Fig. [ demonstrates how battery efficiengyand circuit

Inthislz:gse, the additional constraint due to TDMA,> power I, affect the optimal save-ratip™ for the single-

1 — 1 is satisfied. SincePs,, is the same as that Ofchannel case. As observed, largerand smallem result in

N o o o ; ; ;
the single-transmitter case, the system is optimized Wh_@;gerp , I.e. shorter transmission time. Since the increment

all transmitters work at their individual minimum outagdS More substantial alon§. axis, circuit power has a larger
with save-ratiop*. Thus, the minimum system outagénfluence on the optimal save-ratio compared with battery

probability is PS*, = P* (1, P.). efficiency. p*(1,0) = 0 verifies the result of Lemma_3.1
NS L out — Tout il T e for an ideal system, whilg*(n,0) along the lineP, = 0
1— o+

demonstrates the “phase transition” behavior stated inrham

I-p . o

In this case, the TDMA constraint oot* is violated and h o it is ob q hich

thus we are not able to allocate all transmitters the sale#- 1he transition point is observed to he= 0.541, whic
also be computed froml (9).

ratio p*, which means that each transmitter has to deviat&" ) . o
from its minimum outage point. Since in this cgse< *F|g. [ shows the OF’“ma' f”.“”'”.‘“m) outagg probaplllty
1- % < p, the best strategy for each transmitter is tgout(”’_P_c) corres*pondlng _tcp in Fig. [4. Consistent \_N'th

choosep = 1 — . Thus, P5%, = Poy(1— L1, P). Proposition 3.1L,P}, ,(n, P.) is observed to be monotonically

. . ° . decreasing with battery efficiency and monotonically in-
To summarize, the optimal strategy for each transmitter In 9 y &y y

the case of independent data is given b Creasing with circuit powerP.. Again, P, affects outage
P 9 y performance more significantly than From Fig.[5, we see

P N< 5
pP= _ 1 N> 1 (22) "This is normalized to a bandwidth of 1 Hz, i.&.q is the spectral
1—p* efficiency in bis/s/Hz.



808088858

0.7 - -
—— Optimal save-ratio

e

®
4
©

—HB—save-ratiop=0
| | “©—save-ratiop = 0.5
—&—save-ratio p = 0.8

06

o
o
Il
o
@

*

2
3

0.5

(PP, =05)

04

out

]I)IIIII)[] I!llllllll%ﬁ

0.3

B

Optimal Save-ratio p

0.2

0.1

Outage Probability P

02
o p Py

Batte,y Eff 08

04 oW
: 02 srouit P
Icrency 1 ed O

N ﬂ“a\\z

0.1
0

0.1 0.2 0.3 0.4 0'5. X 0.6 0.7 0.8 0.9 1
Battery Efficiency n

Fig. 4. Optimal save-ratip*
Fi

g. 6. Outage performance compariseﬁl?; =0.5

04 0:35 1 . . . . . . . 08885
.3 0.35 - o9k —— Optimal save-ratio
o —H—save-ratiop = 0
z ~ 08F |—©—save-ratiop=0.5
= 025 ()
T 025 fl’ —&— save-ratiop = 0.8
07
[e}
& o2 02 5~
% 0_8 0.6 J
g 015 2 P
o ’ Z o5
T 01 <
= Q
= 0.1 O o0a4f
O 005 T
S 03t 4
005 g °
1 5
02 08 P 0 .,
Batt, ' Py '
s} we( —
WEfﬁc;e”Cy n d C\;cu\t P°
N rma\‘Z‘e 0.1
01 02 03 04 05 06 07 08 09 1
Fig. 5. Optimal outage probability}, ., Normalized Circuit Power P /P
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that for a reasonable outage probability e.g. beldos, P.

has to be small ang has to be close td. Our results can

thus be used to find the feasible region in the- F. plane outage performance is compared with the case of constant
for a given allowabler, . power. As observed, the outage probability increases due to
Figs.[6 and]7 compare the outage performance with vershe existence of power randomness.Amcreases, the outage
without save-ratio optimization. In Fifil 6 we fix the nornzall curve approaches the case of constant power. In[Fig. 9, we
circuit power £= = 0.5, while in Fig.[7 we fix the battery also plot the outage probability for the ideal system with
efficiencyn = 0.8. We observe that optimizing the save-rati@xponentially distributed power based on the approximatio
can significantly improve the outage performance. It is tvorgiven in [19), as well as for a non-ideal system with the
noting thatP,,; has an approximately linear relationship witthhormalized circuit power [ ] = 0.1 and battery efficiency
the normalized circuit poweﬁ as observed in Fidl 7, whichy = 0.8. In comparison with the constant-power case, for the
indicates thatP, conS|derany affects the outage performanagase of ideal system we observe that the high-SNR slope or
as stated previously. diversity order with random power clearly converges much
In Fig.[8, the outage probability for an ideal systemn={ 1, slower with SNR, which is in accordance with our analysis in
P. = 0) is shown by numerically evaluating(|17). By fixingSection[IV. Furthermore, aP,,; = 10~3, there is about 0
the mean value ofP as E[P] = 50 J/s and varying8 dB power penalty observed due to exponential random power,
for the Gamma distributed power frointo 5, the resulting even with the same diversity order as the constant-power. cas
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power versus random power protocol, with = = 4.83

@2) is # = 4.83. For the case of independent data, it is
observed that wherv < 4, the system outage probability
is constantly equal to the optimal single-transmitter gata
probability P%,,(0.9,0.5P); however, asV > 4, the outage
probability increases dramatically. In contrast, for tlse of
common data, it is observed that the system outage protyabili
decreases initially asv increases, even after the threshold
value and untilN = 7, beyond which it starts increasing.
This implies that there is an optimal decision on the number
of transmitters to achieve the optimal outage performance.

VII. CONCLUSION

10*}| B Ideal system, constant power
=7~ |deal system, exponential distributed power

In this paper, we studied a wireless system under practical

—Q— Ideal system, approximation to exponential power 1| ! . X .
= Non-idea system, exponential distributed power energy harvesting conditions. Assuming a general modél wit
1075 o 2 P 20 % non-ideal energy storage efficiency and transmit circuitgro
7 (dB) we proposed a Save-then-Transmit (ST) protocol to opti-

mize the system outage performance via finding the optimal
Fig. 9. Outage probability comparison for ideal & 1, P. = 0) versus Save-ratio. We characterized how the optimal save-rata an
non-ideal § = 0.8, P, = 0.1 x E[P]) systems the minimum outage probability vary with practical system

parameters. We compared the outage performance between

random power and constant power under the assumption of
It is also observed that there is a small rising part for thge  Rayleigh fading channel. It is shown that random power
approximation given in[(19), since this approximation idyon considerably degrades the outage performance. Furthermor
valid for sufficiently high SNR valuesy(> 10 dB). Finally, we presented a TDMA-ST protocol for wireless networks
it is worth noting that the outage probability for the nomadl with multiple transmitters. In particular, two types of soel
system eventually saturates with SNR (regardless of hovl sm@ata are examined: independent data and common data. It is
the noise power is or how large the SNR is), which indicatahown that if the number of transmitters is smaller than the
that the diversity order is zero for any non-ideal system. reciprocal of the optimal transmit-ratio for single-traritter

Fig. [I0 shows the outage performance for the case aditage minimization, each transmitter should work with its

multiple transmitters operating under the TDMA-ST protocominimum outage save-ratio; however, when the number of
We set the normalized circuit powe% = 0.5 and the transmitters exceeds this threshold, each transmittertdas
battery efficiencyn = 0.9. Then, the optimal save-ratip" deviate from its individual optimal operating point.
for single-transmitter outage minimization can be obtdias There are important problems that remain unaddressed in
0.7930 by numerical search. Therefore, the threshold valdkis paper and are worth investigating in the future. For
for N in the optimal rule of assigning save-ratio values iexample, we may consider the effect of different config-
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urations of battery/supercapacitor and MESD/SESD on thee Supposem < 12 and PH = <0, we have
system performance. It is also interesting to investighte t 55 < <72 Then it could be easily verified that
information-theoretic limits for the ST protocol in the easf

Pout(p7 n, Pc) > Pout(p7 2, Pc)

multiple transmitters using more sophisticated multipteess

techniques other than the simple TDMA. Combining all the above cases, we can conclude that
P,.+(p,n, P.) is a non-increasing function of battery efficiency
APPENDIX A 7 given any non-zero circuit poweP,. for p € [0,1). Next,
PROOF OFPROPOSITIONS. we proceed to prove the monotonicity 8, (7, P:).

Assummg m < 1 again, then we could argue that

According to the Fundamental Theorem of Calculus [26]p. ~  »i P 112, Where p* and
we can derive the first derivative @, (p, 7, P.) in (@) with ¥ arel;hﬁe ontimal save. rat|ol fp* ’ and !
respect ton, P, andp as P P of = m o
' P respectively. Therefore we only need to consider two cases:
! P, pPi_ P P3

max4 5= — 155, 5 —Tor( < M < 72 and n; <

8[:)out _ PC f PC
8 \Z+1q) "\ =1y max  p= — 2=, = — 23 ¢ < np. From the arguments
—p —p
we have given for the proof of the monotonicity 6%, we

P, P, know that, under these two conditions we have
- fa Fr (OO)

P o ﬁ;n Pout(PvnlvPc)>Pout(Pv7727PC)-

+ e fx(@)frlg()] gé)d;v Therefore,
1;32+n ag() . P;ut(nlvpc) > POUt(pTvn%P) > Pm-u&-(nQvPC)

=/, Ix@frl0)] de (25)  which completes the proof of the monotonicity 8, (n, P.).
= +n With similar arguments, we could get the results regarding

circuit power P.. Propositior 311 is thus proved.

Q
201—p)T 1

where S could ben, P. or p andg(p,n, P.) = ey
T—p c

It is easy to verify that®&Ll)l < 0vy € [0,1]
and %ﬁc’m > 0,VP, € [0,00]. ThereforeP,..(p,n, P.)
is strictly decreasing with battery efficieney and strictly
increasing with circuit poweP.. Next, we are going to prove a b
the monotonicity ofP,,; and P, with battery efficiencyr, a<b = Iy (E) <fr|- (27)
where circuit powerP, is treated as constant.

APPENDIXB
PrROOF OFLEMMA [3.]]

Since Fr(+) is non-negative and non-decreasing, we have

for anyx € [0, Py]. Sincefx(-) is non-negative, this leads to

The conditionPy > %ﬂ in (@ could be expressed in
1—p P
terms of battery efficiency; > £= — 12, then a<b = " Fx(2)Fr ( ) da
0
1 n < P _p_ Py b
Pt =4 =~ — b 1me 26 < Fr (=) dx.
! { Pouta 77>1§;_ﬁ ( ) o 0 fX(x) g x v
Consider the following two cases: leen the form of P,,; in Problem (P2), withp appear-
P. ) 0 ing only in the numerator of the argument &-(-), we
« Supposey <7, and - — £ > conclude thatP,,; is a non-decreasing function af(p) =
- - 5 < mo < o then  (puoir DT 1) (1 — p). Hence minimizingg(p) is equivalent
Pout(p,n1, P.) = FPout(p,m, Pe)  and  to minimizing P,,. The first and second derivatives gfp)
Pout (P n2, ) = Pout (pa n2, Pc) Since are
Pout(p n, P.) is strictly decreasing with battery o Q o
efficiency 7, we have 9'(p) =277 (In2) ———— — 2T 2T +1
(L=p)T
2
Pout(psm1s Pe) > Pout(p 02, Pe)- q"(p) = 2%(1112)2762 >0 since@ > 0.

If g < Lo — 2 then Py (p,m1, P.) = 1 THL =P
- - en Loy ) s Le) = . .
= Py N ae Let h(p) = ¢'(p). From the second equation abowgp) is

and Pout (p, 02, Fe) = Four(p, 12, Fe)- Therefore an increasing function. In the range< p < 1, h(p) is thus

Poui(p,m, P.) = 1> Poui(p, o, P.). minimized atp = 0, i.e. the minimum ofy’(p) is h(0), given
by
— If 771 < 772 S 11;);1 - thenPout(p 7717P) fnd o Q o
Pout(p,12, P2) = 1, which means Goin = 27 (2)% —2% +1 (28)

Pout (011, Pe) = Pout (p, 12, P2). = 2F (29T -1) 4150 (29)
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_Q
for @ > 0. In other words, the smallest value that the grad'eWhereﬂ could ben, P. or p andg(p,n, P.) = 2527 =1
of g(p) can take in the range < p < 1 for any feasible) is ol = Fe
positive, which implies thay(p) is increasing and therefore
minimized atp = 0, as claimed. The proof of LemniaB.1 is

Furthermore, we have

PC
thus completed. dg(p) _ 207 7 (In ) lp+n(—p) = (1 - p)E]
- 2
p z[p+nl—p) —(1-pL]
Q
APPENDIXC _ 20 =1 .
PROOF OFLEMMA [3.2 zlp+n(l—p)—(1—p)Le]
v(p)
To prove Property 1, we observe that as noted in the proof = ERER
of Lemmal[31,P,,; is a monotonic function ofg(p) = vlptnll—p)—(1-p)7]
Q
(20— p)T—l)

e in Problem (P3), hence minimizing(p) leads With similar arguments aboui(p) in the proof of Lemma
to thé same solution as minimizinB,... The first derivative B2, we claim thav(0) < 0,Vz € (=% —L = , Py is a sufficient
of g(p) is condition of havingo* (17, 2.) > 0 while P. < 1Py.

Since v(0) is an mcreasmg function of, the condition

, QT=PT (lnz)( T 7o +n(l —p)] _oThT 41 v(0) < 0,Vz € ( = + , Py translates into the following
g'(p) = o0l —p)2 condition ony and P,
u(p)
= - PC
PR o0 =2# 22 (5= ) - 2f 41

It is clear in the above that the sign ¢f(p) is the same as Q ( P, ) Q

. . . ) <27 (n2)< (n- —27T 4+1<0
that of u(p). Sinceu(1) = +oo andu(p) is a differentiable (In )T Py +
function, if »(0) is negative then there exists a valpe € P, 2% _ 1
(0,1) such thatu(p.) = 0 = ¢'(p.). It is easily verified that = 0<n— P <3 R
u/(p) > 0; hencep, is the unique optimal value of in this #o 27 (In2)F

case. Conversely, if there exists an such thatu(p.) = 0,

Pe _
then»(0) must be negative. Hence(0) < 0 is a necessary Combined with the fact that* (), P.) > _P:;; whenP, >

and sufficient condition for the optimal to lie in (0, 1). 1Py, we may conclude H

The conditionu(0) < 0 translates into the following

condition onn, which proves the first part of the lemma: Q
“(1, P,) > 0 Fe 271 (31)

2, . Q .a PAPE S T P T 0% (2) g

u(0) <0 = 2T(1n2)?77—2T +1<0 T
2% _ 1 Lemma[3.3 is thus proved.
< PeYaL (30)
27 (In2)%
APPENDIX E

To prove the second point, suppgsgn:,0) and p3 (72, 0)
are optimal save-ratios of (P3) for SESD efficiencigsand
12, wheren; < na. Then,u(pi,n1) = 0 andu(p}, n2) = 0.
Sincen; < 12 andu(p,n) is an increasing function aof, we
haveu(p;,n2) > 0. Combining what we have that(p,n) is
an increasing function of, u(p3,n2) = 0 andu(pi, n2) > 0,
we may concludey(nz,0) < pi(n1,0). Lemmal3R is thus
proved.

PrROOF OFLEMMA [4.]

Let Z = PT, where P and I are exponential random
variables with meam, and A\, respectively. Then the PDF
of Z could be derived as follows,

Fz(z) =Pr{Pl < z}
1 oo
—1—— e e *Pdp

APPENDIXD
PROOF OFLEMMA 3.3 =1 2\/ Kl ( \V A ) (32)

Accordmg to the proof of Propositi¢n 3.1, the first derivati wherek, () is the first-order modified Bessel function of the

of Poui(p,n, P.) with respect to, P. andp is, second kind and the last equality is given by|[88,324.1]:
8P0ut /PH 89( ) 0
— = fx (@) frlg()] 7 dx / _B_ _ /B
8 ) 9B e (g o) de = DK (V)




where R(3) > 0,R(y) > 0. Let M =
derivative of F'(z) yields

flz2)=M {—%Kl (2MV/Z) — 2z (K, (2M\/E)),}

1
- M{—ﬁKl (20 7)

et

(1]

— 2z <—Ko(2M\/Z> o f Ki(2MyZ )) f} “

=2M*K, (2M /) [3]
2 z

:WKO (2 /\p)\v) 33 1

WhereaK 2(2) — K (2 ) — LK, (2).

Next, We characterlze the outage probability usihg (33)
According to [I5), we have

=Pr[PT < C] (6]

out -
c
2 [z
B /0 ApAy fo <2 /\p)‘v) o (34) 71
Let X = ;5 andD = % We then have
(8]
pro—9 / Ko (2V/7) du. (35)
Using the series presentation [2f8.447.3], we have [9]
T & ka
Ko(z) = —In (5) Io(z) + kzzo I CTAAURRV N CO R

with the series expansion for the modified Bessel function
given by 11

& ka
Io(x) =Y PR ()2 37) 02
k=0
(39) could be expanded as [13]

oo

P Zi —E/D Flnzd +zp(k+1)/D kd
R =TGN M T o T b
(38)
where [15]
_d I (16]
U(@) = g T@) = 1o (39)

is the digamma functiori[24]. Since the two integrals[in] (3§)7]
could be evaluated as

(18]

z=D [19]

Inz 1
<k+1 B (k+1)2>
DkJrl(lnD B 1 )

k+1 (k+1)2

wherelim,_,o(x Inz) = 0. Then we have

(mp ki 1) + ok + 1)}
(40)

z=0
[20]

[21]
[22]

0 2 Dk-l-l 1
P — | —=
out = 2(1@!)2 kE+1 { 2

(23]

Taking the Since D =

12

—/\ = /\Cp‘zz = £, (I9) follows. Lemmd 411 is
thus proved.
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