
Challenges of energy-aware operation in sensor 

nodes with energy harvesting capabilities 

Michele Zorzi, University of Padova, Italy 

 

zorzi@dei.unipd.it 

 

 

 

 



Michele Zorzi (zorzi@dei.unipd.it), ICC – EHC workshop, June 15, 2012 

Rationale and Challenges 

 Traditional sensors 
 Battery powered 

 Finite energy supply and lifetime 

 Replacement costly or prohibitive 

 Energy efficiency is the primary goal 

 Energy Harvesting is a new paradigm 
 Ambient energy is harvested 

 Nearly perpetual operation 

 Challenge: Erratic energy supply 

 EH-aware energy management solutions 
coping with random energy supply 

 Focus shifts from energy conservation 
and efficiency (traditional sensors) to 
energy management and transmission 
policies. 
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EHD controller 

Data packet 
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Optimization Problem 


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Markov Decision Process 

Expected 
rewards 
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Outage: no transmission is possible due to lack of energy (state 0) 

Overflow: harvested energy cannot be stored (state emax if no tx) 
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Formulation under 

threshold structure 

 Average long-term data importance 

 

 

 Optimization problem 

 

 

 Can be solved by standard optimization tools, 

e.g., policy iteration [Bertsekas’07] 

 However, we seek low-complexity policies attaining 

close to optimal performance 
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Numerical Results 


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Policy Comparison 
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Numerical Results 
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Time-correlated EH process 

BAD GOOD 

Nicolò Michelusi (nicolo.michelusi@dei.unipd.it), Allerton Conference, October 3, 2012 

Energy harvested 
in time-slot k 
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EHD controller 
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Data packet 
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Optimization Problem 
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Balanced Policies (BPs) 
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Performance of BPs 
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Conclusions 

 Maximization of average long-term data 
“Importance” in an EH device 
 Importance of sensed events in WSNs, packet priority, 

channel fading 

 i.i.d. and two-state Markov EH process 

 Design of low complexity policies 

 Performance largely depends on ratio between 
battery size and duration of BAD EH period 

 A simple Balanced Policy, which only adapts to 
the EH state, achieves close-to-optimal 
performance 

 

Michele Zorzi (zorzi@dei.unipd.it) 

17 



Michele Zorzi (zorzi@dei.unipd.it), ICC – EHC workshop, June 15, 2012 

State-of-charge knowledge 
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EHD with uncertain SOC 

EHD 

ctrl μ 
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Reward 
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Optimization problem 


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Controller 
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

Michele Zorzi (zorzi@dei.unipd.it) 

EHD 

ctrl μ 



Michele Zorzi (zorzi@dei.unipd.it), ICC – EHC workshop, June 15, 2012 

Performance vs 

battery capacity 
23 

 Only small degradation 

with 2 intervals 

uncertainty (within 5%) 

 More significant 

degradation when SOC 

is completely unknown 

(but within 10%) 
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Time-correlated EH process 

 Now, we consider a time-correlated EH process 

 Can we overcome the loss due to imperfect SOC knowledge by 
adaptation to the EH state? 

 

 

 

 

 

 

 

 

 

 Decision is also based on the EH state in the previous time-slot 
(assumed perfectly known for simplicity) 

BAD GOOD 

Battery 
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Policies considered 
25 


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Interplay between SOC and        

EH state knowledge 
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 Small degradation with 2 

levels uncertainty (P2, 

within 2-5% of OP) 

 Adaptation to SOC only 

(OPiid) or to EH state 

only (P1) yields similar 

loss (within 10% of OP) 

 EH state and SOC 

knowledge equally 

important 

 When neither SOC nor EH 

state are known, poor 

performance (P1iid) 
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Conclusions 

 Analysis of sensors with EH capability 

Modeled as an “energy queue” system 

 Various degrees of SOC knowledge 

 iid vs time-correlated EH process 

 Interesting conclusions: 

 Performance depends on ratio battery/bad state 

Balanced policy works well for large batteries, 

better policies can be devised otherwise 

 Knowledge of the EH state is important to achieve 

good performance, SOC knowledge much less so 
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Extensions 

 Multi-user case 

Distributed vs. centralized, overall energy 

 Battery degradation 

 Perpetual operation is not possible due to aging 

 Queueing analysis for random packet arrivals 

 Presented yesterday 

 Energy transfer for unequal energy arrivals 

 Energy-rich node sends to energy-poor peer 

 Higher-layer networking issues  

 Check the upcoming JSAC special issue 
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Big picture 

 EH poses new challenge 

 Shift from energy efficiency/conservation (traditional 
WSNs) to energy management 

 We have collected results on optimal policies 

 Structural results, investigation of good policies 

 However, models used are still simplified 

 Future work 

 Extend approach to more general models 

 Study estimation techniques for EH state 

 Impact of imperfect knowledge of EH state, and 
controller design 

 Better models for battery degradation in time 
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