2020 54th Annual Conference on Information Sciences and Systems (CISS) 978-1-7281-4085-8/20/$31.00 ©2020 IEEE 10.1109/CISS48834.2020.1570617452

2020 54th Annual Conference on Information Sciences and Systems (CISS)

Age of Information Minimization in Wireless
Powered Stochastic Energy Harvesting Networks

Omar M. Sleem, Shiyang Leng, and Aylin Yener
Wireless Communications and Networking Laboratory (WCAN)
School of Electrical Engineering and Computer Science
The Pennsylvania State University, University Park, PA 16802.

{oms46, sf15154} @psu.edu

Abstract—This paper studies age of information minimization
for a large network, where transmitters harvest energy from
power beacons and send time-sensitive updates to receivers. The
distributions of power beacons and energy harvesting nodes are
considered to be homogeneous Poisson point and binomial point
processes, respectively. We focus on probabilistic update policies
for energy harvesting nodes and derive a closed-form expression
for the average age of information of a node in the network
utilizing stochastic geometry. Specifically, the age of information
minimization is formulated as a stochastic optimization problem,
transformed to a convex program and solved by the projected
gradient descent algorithm.

I. INTRODUCTION

Timeliness of data delivery has become critical for various
real-time applications, such as health care, infrastructure and
environment monitoring, vehicular networks, etc. Require-
ments for such networks include, for example, periodically
updating information among peer nodes on a short timescale
in order to convey the states of the dynamic processes of the
underlying system. As a novel metric to measure the freshness
of information from a destination node’s perspective, age of
information (Aol) has been introduced recently [1].

The time elapsed since the generation of the latest suc-
cessfully received information is considered as Aol measure
in [1], and is characterized for single-source M/M/1, M/D/1,
and D/M/1 queues with first-come-first-served (FCFS) service.
The concept of peak Aol (PAol) is introduced in [2], where a
packet management policy of replacing an old packet with a
new one is proposed to achieve a smaller average age in the
FCFS M/M/1 queue. A more general form of Aol is proposed
in [3], which measures the receiver’s dissatisfaction of the
information staleness. All of these works characterize Aol
from queueing theoretic perspective and show that Aol mini-
mization offers different insights from delay minimization.

Energy harvesting (EH) wireless networks [4] offer the
possibility of energy sustainable perpetual operation which is
imperative in many of the aforementioned monitoring appli-
cations. Given the intermittent and limited nature of harvested
energy, these networks rely on carefully designed energy man-
agement strategies to deliver on this promise [5]. For energy
harvesting systems, Aol minimization, taking into account the
intermittency of energy harvesting, has been studied in several
works recently [6]-[11]. Update policies for an EH node have
been investigated in [6]. The results show that an optimal
policy is lazy, leaving a certain idle period between updates
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instead of transmitting as frequently as possible. Reference [7]
considers a single-hop model for offline and online schedules
of updates. Reference [8] studies the optimal renewal policy
for the case of finite battery, which is proved to hold an energy-
dependent multi-threshold structure. An energy harvesting
cognitive radio network (EH-CRN) is studied in [9], where
the optimal sensing and update policy for the secondary user
is solved by a partially observable Markov decision process
formulation and proved to have a threshold structure. For
wireless powered networks, where nodes harvest energy from
dedicated wireless energy sources, Aol has been characterized
and minimized in [10], [11]. In [10], energy and information
exchange between an access point (AP) and an EH device
are considered, where Aol and data rate are investigated. In
[11], a single EH node is considered to harvest energy from
a power beacon (PB). The expression of the average Aol in
terms of the battery size is derived for the greedy policy, and
the optimal battery size is solved for the minimum average
Aol.

Stochastic-geometry has been utilized to analyze wireless
energy harvesting cognitive radio networks in [12]-[14]. In
these works, primary users (PUs) and secondary users (SUs)
are distributed as independent point processes. SUs harvest
energy from PUs and also experience interference from them.
In [12] and [13], closed-form expressions for spatial through-
put of SUs are derived using tools from stochastic geometry.
In [14], Aol is considered as the performance metric for SUs
which send updates to their destinations, and the average Aol
is characterized under a greedy update policy.

Different from previous works on Aol in EH systems, in this
work, we consider a network of EH nodes harvesting energy
from PBs, where the PBs follow a homogeneous Poisson
point process (HPPP) and the EH nodes follow a binomial
point process (BPP). Our goal is to investigate the Aol for
status updates of EH nodes when there are dedicated energy
sources which offer energy beams to EH transmitters, albeit
causing interference to their receivers. Considering random
access update policies and small batteries for EH nodes,
we derive a closed-form expression for the average charging
time, which leads to the average Aol expression of a node
at a randomly selected location in the network. The optimal
policy is characterized by formulating the Aol minimization
problem as a stochastic optimization one and transforming it
to a convex program. Using the projected gradient descent
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Fig. 1. System model.

(GD) algorithm, the optimal policy is found. Numerical results
highlight the impact of PBs density, the number of EH nodes,
and SINR threshold on the average Aol and demonstrate
that the optimal policy achieves much lower average Aol
compared to the always-update policy when the successful
update probability is relatively small.

II. SYSTEM MODEL
A. Network Model

We consider a large-scale network consisting of N EH
transmitters that are placed independent of each other, their
receivers, and multiple PBs in a disk of radius R, as shown in
Fig. 1. The EH nodes first harvest energy from the signals
radiated by the PBs, and then send status updates to the
associated receivers by consuming their harvested energy. The
PBs are distributed as a HPPP with intensity )y, and the
EH nodes are placed independently and uniformly in the
area following a BPP with a fixed number N. The point
processes for PBs and EH nodes are denoted by ®x = {z}
and ®y = {y}, respectively, with o,y € R? representing the
Cartesian coordinates of PBs and EH nodes. Each EH node
has a dedicated receiver separated by a fixed distance ds in
a random direction. Time is slotted with the slot duration
normalized to 1 second. In each time slot, the EH node
either harvests energy or transmits an update with power
P, while PBs transmit with continuously power FP,. We
assume P; < P, for practical applications with low-power
EH sensors. Considering a flat fading channel with Rayleigh
fading, the channel gain is an exponential random variable
with unit mean, and independent and identically distributed
(i.i.d.) over slots. Denote the channel gain associated with a
PB at x by g, for x € ®x, and denote the channel gain
associated with an EH node at y by g, for y € ®y. The path
loss are denoted by ||~ and |y|~* for the PBs and the EH
nodes, respectively, where |-| represents the euclidean distance
to the origin and o > 2 is the path loss exponent.

B. Energy Harvesting Model

We consider a finite battery for each EH node with the
capacity equal to the amount of energy required for one trans-
mission, which is denoted by E. This assumption is justified
for networks of small sensors, for example in infrastructure,

health, or environmental monitoring applications. The EH
node receives energy beams from the PBs and converts them
to energy to be stored in its battery. Let P.(¢) be the received
power by an EH node located at the origin at slot ¢, that is,

P(t) = > Pogala|™. ()

xEDPx

We assume that the energy conversion circuit can harvest a
fraction of the received power. The harvested power at slot ¢
is thus given by

Pu(t) =nP:(t) = Y nPogalz|™, )

rzedx

where 0 < 1 < 1 is the energy conversion efficiency. The
battery state at the beginning of slot ¢ is

b(t) = min {b(t — 1) —u(t)E + (1 —u(t))Pu(t), E}, (3)

where wu(t) is a binary variable indicating whether the EH
node transmits in slot ¢ or not, i.e., u(t) = 1 if the EH node
transmits and u(t) = 0 otherwise.

C. Transmission Model

Each EH node has two modes of operation: it can harvest
energy or it can transmit an update packet. We consider a
probabilistic (random access) update policy, where we define
the conditional update probability given a fully charged battery
as w, i.e., w 2 Plu = 1|b = E]. That is, once an EH node
fully charges its battery, it updates with probability w. Let p; =
Plu = 1,b = E] and p; £ P[b = E], namely, the probability
of update and the probability of full charge, respectively. Thus,
we have p; = wps. For the EH node at ys, its intended receiver
at y, experiences inference from PBs and other transmitting
EH nodes, which are denoted by I; and I5, respectively.

L= Y Pugalz—yo| ™%, €
xEDPx

L= Y 1,Pgyly— vl (5)
yELY \ys

where 1, denotes the event that the EH node at y transmits
and p; = P[1, = 1]. The received signal to interference plus
noise ratio (SINR) is given by

Yy = Pigy. dg
Yo o2+ 1+ 1 ’
where o2 is the noise variance.

D. Average Aol

The average Aol is adopted as the performance metric for
the EH nodes. The Aol measures the time that elapsed since
the latest received update was generated. More specifically,
the Aol of a receiver at y, associated with an EH node at yg
at current time ¢ is defined as

ay, (t) =t = 0(t), (7

where 0(t) is the generation time of the most recent success-
fully received update. We consider a target SINR ~*, beyond

(6)
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Fig. 2. Aol evolution.

which the update packet can be decoded successfully at the
receiver, that is, the update is successful. Hence, the age keeps
increasing when the EH node is harvesting energy or fails
to update. The generation and transmission for each update
takes one slot, assuming small packets. A successful update
is achieved as long as v, > ", thus, a,,(t) drops to 1. The
long-term average Aol of the EH node’s receiver at y, is

OENITE > U

III. PROBLEM FORMULATION
A. Aol Analysis

Let X} be the random variable denoting the time interval
between the (k — 1)-th and k-th successful updates. Also, we
define Y to be the interval between two successive transmis-
sions. Hence, X, = Zi\il Y;, where M denotes the number of
transmissions till a successful update. Note that M follows a
geometric distribution with parameter p,(y,) = Ply,, > 7*],
which is the successful update probability. Thus,

E[Y]
E[X]=E[M]E[Y] = o)’ )
E[X?) = BIMJE[Y?] + (E[M?] — E[M)E[Y]?
_ E[Yz] 2(1 — pu(yo)) 2
B pu(yo) pu(yo)2 E[Y} . (10)

Let K be the number of received updates up to time 7'. The
average Aol, A7, , can be calculated by averaging the area
of Fig. 2,

K

K1 1 1
Ary, = ?KgiXi(XrFl)‘i‘TQKH (11)
As T— o0, %%ﬁ and Q11— 0. Hence,
, 11 ,
Ay, = TII_{Y;OAT,yO = §W(E[X |+ E[X])
E[Y? | 1—pu(yo) 1
= + E[Y] + -. (12)
2E[Y]  pulvo) Yty

Next, we derive expressions for E[Y] and E[Y2]. Between
two successive transmissions, the EH node first fully recharge
its battery, then transmits with probability w. Let ¢; be the

accumulated energy over [ slots after one transmission, and L
be the random variable representing the number of slots for
completely recharging the battery. Thus,

e’} k—1
EY) = Zkzp[elﬂ < E,e; > E|(1 w)k= D)y,
k=2 =1
- Z Z kPle;_1 < B, e; > EJ(1 —w)F~ 1+

13)

Similarly, the second moment of Y is given by

Zk2 Z]P’ el_1 < E,e; > E)(1 —w)k 1y,
k=2 =1

:Ewﬂ+@@%§4+~z

w2

(14)

To obtain the first and second moments of L in (13) and (14),
we characterize the probability mass function (PMF) of L for
«a = 4, which can be expressed as

PIL =k

7T2)\b 71'2)\]0
= erf —erf | ——— |, 15
|=et (372g) <4m (1
]. 2 ﬁ and erf( ) =

f f t2)dt The derivation is given in Appendix A.

Thus, IE[L] and E[L?] can be calculated and we denote them
by w1 and py2, respectively.

A
for k = ., where z, =

B. Probability of a Successful Update

As discussed, an update for a receiver at y, connected to
an EH node located at ys is received reliably when ~, >~*,
and pyu(yo) = P[yy, > ~*] is the probability of a successful
update. In this section, following [14], we derive py(yo).

Pu(yo)*P[m > }*P{gys = L5 (0 +I1+I2)}
a *d (o + 1 + I
(- T I I
©) exp (=502 L1, (5)L1, (s), (16)

where (a) is from the CDF of gyg and (b) is from the definition
of Laplace transform for s 2 2 P . By the homogeneity of the
HPPP distribution of PBs and the displacement theorem [15],
L1, (s) can be obtained by considering a receiver at the origin,
i.e., letting y, = (0,0) in (4). Thus, by Eq. 3.21 in [15],

Lr,(s) = exp (&%(Pb@i)

A7)

Authorized licensed use limited to: Penn State University. Downloaded on May 26,2020 at 20:39:52 UTC from IEEE Xplore. Restrictions apply.



2020 54th Annual Conference on Information Sciences and Systems (CISS)

For the aggregate interference /5 in (5),

H €xXp (_Slypsgy|y - yo|_a) ‘|

yEPy \ys

© [ 1 1
=E| ] -
yEPy \ys 1+ S]‘yPs|y - yo|

@ { 1 ]N '
1+ 51yPs|y - y0|—o¢

(E) a1 N—1

2 (1-ptpE[(L+sPly =yl ™)), (8)
where (c) is from the Laplace transform of g,, (d) is by
the independency of the EH nodes placement, (e) is by the
expectation of 1,. Due to the rotation invariance property of
uniform BPP, we only need to consider the distance between
the receiver and the origin, which is denoted by the random
variable v. Let v, be a realization of v. From [16], the
conditional probability density function (PDF) of the distance
between a random point to a reference point located at a
distance v from the origin, given v = v,, is given by

alo=w)={ % pEa=f.

V=1, 2,,2 p2

I A cos‘l(q J;Z;’JOR ), R—vo<q<R+v,.
(19)

Hence, for a receiver located at a distance v, from the origin,

E[(]- + SPs|y - yo|_a)_l]

R+v, 1
- / [ Tshgal
0 + sisq

As 0 < W < 1, and by the monotonicity property of
the expectation, we can conclude that 0 < ¢(v,) <1 for every
€ [0, R]. By substituting (18) in (16), we have

Pu(vo) = A(1 —wpr(1 — ¢(v0)))N71,
<L

‘CI2 (8) =

Uo)dq = ¢(vo).  (20)

(qlv=

(2D
where A 2 exp(—s0?)Ly, (s), pr =

C. Average Aol Minimization

The average Aol at a receiver node located at a distance
v, from the origin can be written as a function of w and v,.

That is A(w, v,) = A1 (w) + Ag(w,v,) + 1, where
2 + 2/“ 1 + ,LLIZ
Ay(w) = & : 2
5D @
_ _ 1-N
AQ(W,UO) — ((1 wpf(l A¢(UO))) _1> (M1+1> . (23)
w

We aim to find the optimal random access update probability
w such that the long-term average Aol for a random
located transmitter-receiver pair is minimized. By taking
the expectation of the receiver’s location, the optimization
problem is described as

in E,[A . 24
i, v[Aw, v)] 24
Since the EH nodes are uniformly distributed, so

are the associated receivers. the PDF of v is

fo(vo) = 2;5)70 <wv, <R.

Hence,

IV. OPTIMAL TRANSMISSION POLICY

In this section, we transform A(w,v) into an equivalent
convex function and solve (24). Define & 2 %, then the

expressions in (22) and (23) can be written as

Xy 202 + (2 — D + pye

M) = 20 + @) ’ =
Ao(@,v) = (; (1 - Bg’))l_N - 1) (@+m), (26)
where B(v) 2 p¢(1—¢(v)) < pr. We now consider the problem
lgrgigoo E, [A(@, )] =E,[A1 () + Ax(@, v)]—&-%. (7)

By using the facts that 0 < B(v) < pr and p; > 1, the second
derivatives of A;(@) and As(@,v) can be easily shown to
be non-negative. Hence, A(@,v) is convex with respect to
@, and E,[A(@, v)] is convex as a nonnegative weighted sum
of A(@,v) [17]. We conclude that (27) is a convex program.
From (25) and (26) we have,

@0 2 12280,

B(@~B(o)N)+ HON)
N
(1-282) " ae2

O(@+B(v)N)+ LG
! =

20° + pu (= 1+40+24u) — puz
2(pn+@)?

< 2074 m(46+2m) + e
= 20°

+

* h(@,v) (28)
(1-202) " a2
One can easily find that
() 207+ 0B ¢y, e g il
B, [h(@,v)] < - + N <00,
(29)

where (f) is by replacing B(v) with its upper bound p¢ and
evaluating the integral, while the last inequality is by the facts
that the expression is bounded for & € [1,00) and p¢ < 1.
From (28) and (29), it can be found that the conditions of the
dominated convergence theorem are satisfied and hence,

OE,[A(@, )] OA(@,v) .
OBf2G.0) g [0RG.0)] _p [,
% R 9(@,v)
From (30) and due to the convexity of (27), one can apply
the projected GD algorithm to find the optimal policy w* as
in Algorithm 1, where a,, is the step size.

(30)

V. NUMERICAL RESULTS

In this section, we present the numerical results for dg = 2
m, o%= -115 dBm, Pb:1WP 0.2 W, a=4, n=0.1,
R=50 m and a,, = - +100 The impact of the number of EH
nodes N, the PBs density Ay, and the SINR threshold v* is
demonstrated. We compare the optimal update policy with the
always-update policy, i.e., w = 1.
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Algorithm 1 Projected GD algorithm

1: Initialize: 01 =1, n = 1.

2: repeat

3 Wnt1 = max{1l, &, — a,E,[g(@n,v)]}
4: n=n+1

5: until convergence

6 * 1

W= =
@n
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Fig. 3. Optimal policy vs. SINR threshold, N=500, A\, = 0.005.

0.1

A. The SINR Threshold

Fig. 3 and Fig. 4 demonstrate that the optimal policy is
always-update when ~* is small. For large v*, the optimal
policy tends to be a probabilistic one and achieves a per-
formance gain compared to the always-update one. This is
because when v* is high and thus p, is low, EH nodes prefer
to take probabilistic update actions in order to decrease the
interference to peer nodes and not waste the harvested energy.

B. The Number of EH Nodes

In Fig. 5, we observe that for small v*, the optimal policy
is to always update for small number of EH nodes, and
a probabilistic one as N increases. Since the interference
from peer EH nodes for small N is small, the successful
update probability p, is high. Thus, the nodes prefer to update
frequently to decrease the age. However, when N increases,
probabilistic updates take place to avoid high interference and
conserve energy. Furthermore, as v* increases, we see that the
optimal policy is more likely to be a probabilistic one since
pu decreases on higher v*. Fig. 6 shows the average Aol
resulting from the optimal and always-update policies. The
optimal policy outperforms the always-update one significantly
for large N and ~*, as in this regime always-updating policy
results in excessive unsuccessful updates, leading to waste of
energy and aging of information.

C. The Density of Power Beacons

The impact of the PB density on the optimal policy and
the average Aol are shown in Fig. 7 and Fig. 8, respectively.
We see that in Fig. 7 the always-update policy is optimal
for small ~*, similar to Fig. 5. For large ~*, the optimal
update probability decays upon increasing Ap,. This is because

x10*
- - ~Always-Update| ,
10 —— Optimal 1

A
1
1
1
1
1

a6 j
4 F i
2+ j
0 ‘ ‘ ‘
16 18 20 22 24 26 28 30
7 (dB)
Fig. 4. Average Aol vs. SINR threshold, N=500, A}, = 0.005.
1 & & &
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03¢ 4'=30dB| |
02t 1
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Fig. 5. Optimal policy vs. number of EH nodes, A, = 0.005.

1000

when more PBs exist, the EH nodes suffer from more interfer-
ence which decreases the probability of successful decoding
per node. Hence, the nodes prefer to have a probabilistic
transmission in order not to waste the harvested energy and
decrease the interference. In Fig. 8, we observe that the two
policies have similar Aol trends versus A,. The optimal policy
performs better when there are many PBs interfering with EH
transmissions, in which case thus conservative updates results
in better average Aol. In particular, a best operating point
in PB density A\, can be observed for moderate SINR target
values, e.g., v* = 15dB, which balances the wireless power
supply to EH nodes and the interference to the receivers. For
very high target SINR values, e.g., v* = 20dB, we can see
that densifying PBs does not improve the Aol performance.

VI. CONCLUSION

In this paper, we have studied age of information (Aol)
optimization in a wireless powered stochastic network with
power beacons. Considering small batteries and a random
access transmission policy for the energy harvesting transmit
nodes, we have derived the average Aol, utilizing stochastic
geometry tools. The minimum average Aol policy is found
by solving a stochastic optimization problem. The optimal
policy is shown to be persistent updates in the regime where
the update success probability is high. By contrast when high
QoS requirements on reliable reception of updates and high
levels of interference from power beacons and/or other nodes
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result in small success probabilities for updates, choosing not
to update even when the node has energy is beneficial.

APPENDIX A
DISTRIBUTION OF CHARGING TIME L
Since ej, is the amount of energy harvested up to slot k,
er = Y.F ., Py(i). Note that Py(i), i = 1,2,..., are iid.
over slots. Thus, for k =1,2,...,
P[L=k| =Plex > E,ex—1 < E]
= Plex, > Elex—1 < E]Plex—1 < E]

= P[ek_l < E] — ]P’[ek < E], 3D

where Pleg < E] = 1. Since the PBs are assumed to be HPPP
distributed with intensity Ay, referring to [15], the Laplace

transform of ey, is given by
—TA\b , S .2
<§(>3> SN E)

where z, = k%lp . The PDF of e, can be obtained by the
n4b
inverse Laplace transform. By Eq. 3.22 in [15],

3
)\bzk s 2 7'('4)\%
L (z) = T - . (33
fer (@) 4 <zkx> exp( 16z (33)

which gives the CDF of ey,

F.(z)=1 —erf(

Le,(s) = (Lp, ()" =

242
T

e W) . (34)
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[
2]
3]
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substituting (34) in (31), the PMF of L is derived.
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