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Introduction

@ Energy Harvesting Sensors (EHS) absorb energy (solar,
vibrational, etc.) from the environment to power themselves

@ Advantages:

e Do not require cables for power/data - can be placed in
inaccessible places

e Infrequent maintenance and longer lifetimes

e More environmental friendly

@ Disadvantages:

e Dependence on often unpredictable external sources of energy
e Low quanta of energy available

@ Proposed applications:

Monitoring the structural integrity of bridges and buildings
Body area networks

Environmental studies

Intrusion detection



The Problem

Definition
If the incoming packets are of different priorities, how do we
schedule transmission for maximum benefit?




The Model

@ The Packets:

e Two priorities: h and /

o Every time slot Ty, the source sends/creates a packet of high
(low) priority to the node with probability varying as a
Bernoulli distribution with parameter g5, (q/)

o Stored in infinite FIFO buffers b, and b,

@ Rayleigh fading with CSI obtained by pilot signals each T
@ Energy harvested per interval pTs
@ Single MCS - Constant on rate of transmission

@ Quality of Service (QOS): Weighted sum of expected waiting
time wpty + wity



Analysis

@ With MCS such that one packet is transmitted per interval,

o Let p(hly, Q).p(]7, Q). p(0]y, Q) be probabilities that a
packet from by, b;, no packet is transmitted, Q is the set of
queues with packets in them, ~ is channel gain

o Pr{tx from bj|b; # ¢} = P =
ZQJEQ ,;rr{{?} fo J|’7a e “Tdy v(./ =h,l )

o Expected power consumed is

pOZQPr{Q}ZJ hlfo pUly, Q Wd’)’;

po- Power required when v =1

@ Each queue b; can now be modelled as a Markov chain and by
Little's law, expected waiting time becomes t; = ,i:’zj, Ts
J '




Analysis

The problem we need to solve therefore becomes:

o 1-P, 1- P,
min wy Ts + wy T.
p(il.Q)  Ph—aqn ° P —q °

subject to Z Pr{Q} Z / p(ly, Q < st

fary Po



Analysis

Decoupling Approximation:

@ We make the approximation that

Pr{Q} ~ [ Prib#¢} [ Pribi=¢}
JJER j'in
- 31750

JJjER P JigQ

@ High priority messages are typically associated with danger or
variables out of their usual range. So we expect g, < gy, and
hence probability of b; being empty does not depend much on
bp(and vice versa)



Form of the Optimal solution

Consider any non-zero p(i|y, Q), (i # 0) of any feasible solution.
Consider 0 < v < ~; such that p(i|vx, @) > 0 and p(0]v;, Q) > 0.
We construct a new solution p(i|y, Q) [and

P'(0]v, Q) = p(0lv, Q) + p(ily, Q) — p'(ilv, Q)]

p'(ily, Q) = { pilyj, Q) + € ¥ =
p(ilvk, Q) — ee W HV  y =

where € = min(p(0|vj, Q), p(ily;)e~ "% ). The difference in
energy consumed by old and new solutions is proportional to
¢’

T
poPriQ S~ + & 1>0
Y Yk
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Truncated Channel Inversion (TCl) and the standard form

@ This solution does as well as the old but uses less energy.

@ By proof by contradiction, for a given performance, the
solution which uses least energy has p(0|y, Q) = 0¥y > Ymin,
1 otherwise. This is a form of Truncated Channel Inversion .
@ Noting that energy consumed depends on only ymi, and
performance only onf p(ily, Q)e Vd~y, we can write
p(il: Q) = XY > Ymin.
@ We call this the standard form of the solution.

@ Let the variables we optimize over be (yp, xXn. X1 =1— Xxn )
for Q = {h, I}, v, for Q = {h} and 7, for Q = {/}.



Equating thresholds

e Consider a solution (va, Y1, Va1, Xhs X1) With yp < yp. We can
always define ~} such that:

(1= Pr{l})e ™ + Pr{l}e= — e~

o If we use v} as the threshold when Q = {h}, transmit only h
packets when Q = {h,/} and ~} <y < 74 and follow the
original solution for other values of Q,~ , we can show that
this new solution uses less energy while delivering the same
performance.

@ It is not in the standard form, but can be standardized to give
a new solution (Y}, 1, Vhs Xh» X)



Equating thresholds

We can use similar arguments for other values of v, v/, V-

Intuitively, we can understand these arguments by noting that
it takes less energy to transmit at higher vs

If one threshold is less than the other, we try to “shift” the
probability of transmission from the first queue state to the
second, weighted by the probability of the states occurring.

If we apply such arguments iteratively, the solution will
converge to one of these 3 forms:

° Y =7%=7,0=<xnx <1

© Y =7 <y, x1=0

© Y =<V xph =0
The last two (symmetrical) cases occur when we can't “shift”
probability from one queue state to the other since the
probability of transmission is 0 in the first state.



Yhl = TYh =

The optimization problem becomes:

) 1—- Py 1-P
minwp,——— T + w, T.
PPl "Ph—qn ° P—q °

subject to
_ qi
= — V(1 — v,
h e h( X/PI)
_ an
P, = (1 —
/ € ( XhPh)
1 = xntxi

Ph>qh7 PI>QI,0§Xh7XI§1

where 7y = (i), £(0) = €T, Ei() = [ Sty




Yhl = TYh =

We can rewrite the constraints by writing P; in the form of a
quadratic: P,2 + Pi(xngn — x191 — € ") + e yq; = 0. Imposing
P; > q; and Py > qn, we can show that P; will be the greater root
of the above equation and even if it is written as a less than or
equal to constraint, at optimum it is as an equality. So:

P+ Pi(xnan — xiq1 — € ") +e "xiq < 0

—Xhqh + x1q9/ + e "
2
Xhqn — X191 = Pn— P

< P

Xh+x1=1, Ph>qn Pr>q, 0< xp,x1 <1

This problem is convex and can be solved by numerical methods.



Y=Y < Vhs Xnh =10

We have P = e, P, = e (1 — gie") and we have to:

1— e (1 — g 1— e
min wy, e (1= gqen) Ts-l-W/ie s
oy e~ (1 — qien) — qp e~ —q
subject to
pTls
qne™ Ei(vh) + qie"Ei(v) = e
< log()
Vi g\ —
q
gre™+qe’ -1 < 0
Yy > 0

This problem is convex and can be solved by numerical methods.



Final notes

@ It is not necessary to obtain solutions for all the sub-problems.

@ Since each sub problem is convex and for the objective
function L, 4 W is continuous across sub-problems, it is

sufficient to evalugte dd—PLL at xp, = 0 and x; = 0 when
Yh = Yn = 7y to find which contains the optimal solution.

e Considering a non-ideal battery (efficiency 1) used by the
node when pT; < ffyo, we can derive similar solutions by

replacing poE;(y) by f e g(v)dy where:

Po

2 >,
gv)=1" g

pTs+ ( —pTs) 7<%




Simulations
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Conclusions

@ Proposed an energy allocation problem in EHS with packets
of different priorities

@ Under the decoupling approximation, the optimal solution is
of the form of Truncated Channel Inversion

@ Demonstrated how to find this optimal solution

@ Future work: Relax the Decoupling Approximation, Other
profiles of power harvesting and packet arrival



