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Abstract—We consider a network of N sensors, tasked with
solving binary distributed detection, a fusion center (FC), and
a feedback channel from the FC to sensors. Each sensor is
capable of harvesting energy and is equipped with a finite-
size battery to store randomly arrived energy. Sensors process
their observations and transmit their symbols to the FC over
orthogonal and Markovian time correlated fading channels.
The FC fuses the received symbols and makes a global binary
decision. We aim at developing adaptive channel-dependent
transmit power control policies such that J-divergence based
detection metric is maximized at the FC, subject to total transmit
power constraint. Modeling quantized fading channel, energy
arrival, and battery dynamics as time-homogeneous finite-state
Markov chains, and the network lifetime as a geometric random
variable, we formulate our power control optimization problem
as a discounted infinite-horizon constrained Markov decision
process (MDP) problem, where sensors’ transmit powers are
functions of the battery states, quantized channel gains, and
the arrived energies. We utilize stochastic dynamic programming
and Lagrangian approach to find the optimal and sub-optimal
power control policies. We demonstrate that our sub-optimal
policy provides a close-to-optimal performance with a reduced
computational complexity and without imposing signaling over-
head on sensors.

Index Terms—adaptive channel-dependent power control,
channel gain quantization, distributed detection, energy harvest-
ing, J-divergence, finite size battery, geometrically distributed
network lifetime, limited feedback, Markov decision process,
Markovian time correlated fading model, optimal and sub-
optimal policies, time-homogeneous finite-state Markov chain.

I. INTRODUCTION

Event detection for smarter cities, healthcare systems, farm-
ing, and greenhouse environmental monitoring systems is one
of the vital tasks in wireless sensor networks (WSNs) [1],
[2] and the Internet of things (IoT)-based WSNs [3], [4].
The classical studies of binary distributed detection in [5]-[7]
cannot be directly applied to these networks, since the classical
works are based on the assumption that the rate-constrained
communication channels between distributed sensors and fu-
sion center (FC) are error-free. This has motivated researchers
to study channel-dependent local decision rules for sensors
and decision fusion rules for the FC, such that the effect of
wireless communication channels in WSNs is integrated into
the system designs [8]-[11].

Even for channel-dependent distributed detection system
designs, providing a guaranteed detection performance by
a conventional WSN, in which sensors are powered by
conventional non-rechargeable batteries and become inactive
when the stored energy in their batteries is exhausted, is
impossible. Although adaptive signal transmission strategies,

including optimal channel-dependent power control [12]-[14]
and censoring [15], [16], can enhance the energy efficiency
and increase the lifetime of a conventional WSN, they cannot
change the fact that the network lifetime is inherently limited.
This limited lifetime disrupts the event detection task and
drastically degrades the detection performance.

Energy harvesting (EH) from the environment is a promis-
ing solution to address the energy constraint problem in
conventional WSNs, and to render these networks to self
sustainable networks with perpetual lifetimes. The new class of
EH-powered WSNs, where nodes have EH capability and are
equipped with rechargeable batteries, will be also important
for the development of IoT-based WSNs. In EH-powered
WSNs power/energy management is necessary, in order to
balance the rates of energy harvesting and energy consumption
for transmission. If the energy management policy is overly
aggressive, sensors may stop functioning, due to energy out-
age. On the other hand, if the policy is overly conservative,
sensors may fail to utilize the excess energy, due to energy
overflow, leading into a performance degradation. EH has
been also considered in the contexts of data communications
[17], [18], cognitive radio systems [19], distributed estimation
[20], and distributed detection [21]-[27]. The body of research
on EH-enabled communication systems can be grouped into
two main categories, depending on the adopted energy arrival
model [18], [28]: for deterministic models the transmitter has
full knowledge of energy arrival instants and amounts at the
beginning of transmission; For stochastic models, suitable
for modeling ambient RF and renewable energy sources that
are intrinsically time-variant and sporadic, the transmitter only
has causal knowledge of energy arrival. In addition, wireless
communication channels change randomly in time due to
fading. These together prompt the need for developing new
power control/energy scheduling strategies for an EH-enabled
transmitter that can best exploit and adapt to the random
energy arrivals and time-varying fading channels.

Designing power control/energy scheduling schemes corre-
sponding to random energy arrivals and time-varying fading
channels can be viewed as a multistage stochastic optimization
problem, where the goal is to find a sequence of decisions
a decision maker has to make, such that a specific metric
over a horizon spanning several time slots is optimized (e.g.,
optimizing transmission completion time, data throughput,
outage probability, or symbol error rate in a point-to-point EH-
powered wireless communication system [18]). A common
approach to solve this sequential decision making problem
is to adopt the mathematical framework of Markov decision
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processes (MDP). The main ingredients of the MDP are states,
actions, rewards, and state transition probabilities. The state
could be a composite of states corresponding to fading
channel, energy arrival, and battery condition. The action is the
transmit power level or the amount of energy to be consumed,
and the reward is a function of the states and the actions. The
state transition probability describes the transition probability
from the current state to the next state with respect to each
action. The goal is to find the optimal policy, which specifies
the optimal action in the state and maximizes the long-term
expected discount infinite-horizon reward starting from the
initial state [18].

In the context of distributed detection in WSNs, there are
limited works that consider EH-powered sensors [21]-[27]. In
the following we provide a concise review of these works,
highlight how our present work fills the knowledge gap in the
literature, and how it is different from our previous works in
[25]-[27].

A. Related Works and Knowledge Gap

Considering a single EH-powered node, that is deployed
to monitor the change in its environment, the authors in [21]
formulated a quickest change detection problem, where the
goal is to detect the time at which the underlying distribution
of sensor observation changes. Considering an EH-WSN and
choosing deflection coefficient as the detection performance
metric, the authors in [24] formulated an adaptive transmit
power control strategy based on PHY-MAC cross-layer design.
Considering an EH-WSN and choosing error probability as the
detection performance metric, the authors in [22] proposed
ordered transmission schemes, that can lead to a smaller av-
erage number of transmitting sensors, without comprising the
detection performance. Modeling the randomly arriving energy
units during a time slot as a Bernoulli process, the battery
state as a K -state Markov chain, and choosing Bhattacharya
distance as the detection performance metric, the authors in
[23] have investigated the optimal local decision thresholds at
the sensors, such that the detection performance is optimized.
We note the system model in [24] lacks a battery to store the
harvested energy. Further, the adopted energy arrival model in
[24] is deterministic and fading communication channels are
orthogonal and independent across transmission blocks. On the
other hand, [21], [22] assumed sensor-FC channels are error-
free, and [23] considered the simple Gilbert-Elliot channel
model for sensor-FC links (a two-state Markov model). The
high level communication channel model, combined with a
simple stochastic model for random energy arrival is limiting.
Specifically, it does not allow one to study channel-dependent
transmit power control strategies. Such a study requires a more
realistic communication channel model and stochastic energy
arrival model that match the energy needed for a channel-
dependent transmission. This is the knowledge gap that we
address in this work.

To highlight how our present work is different from our
previous works in [25]-[27], we briefly summarize them
in the following. Modeling the random energy arrival as a
Bernoulli process, the dynamics of the battery as a finite-
state Markov chain, and considering fading channel model,

in [25] we adopted channel-inversion transmit power control
policy, where allocated power is inversely proportional to
fading channel state information (CSI) in full precision, and
we found the optimal decision thresholds at sensors such that
Kullback-Leibler (KL) distance detection metric at the FC
is maximized. Different from [25], in [26] we modeled the
random energy arrival as an exponential process and assumed
that each sensor only knows its quantized CSI and adapts its
transmit power according to its battery state and its quantized
CSI, such that J-divergence based detection metric at the FC is
maximized. Modeling the random energy arrival as a Poisson
process in [27], we proposed a novel transmit power control
strategy that is parameterized in terms of the channel gain
quantization thresholds and the scale factors corresponding
to the quantization intervals, and found the jointly optimal
quantization thresholds and the scale factors such that J-
divergence based detection metric at the FC is maximized.

Our present work is different from our prior works in [25]-
[27] in several aspects. The transmit power control strategies in
these works are intrinsically different from our present work,
since in [25]-[27] we have assumed that the battery operates
at the steady-state and the energy arrival and channel models
are independent and identically distributed (i.i.d) across trans-
mission blocks. Consequently, the power optimization problem
in [25]-[27] became a deterministic optimization problem, in
terms of the optimization variables, and the obtained solutions
are different. In this work, the battery is not at the steady-state.
Also, both the channel and the energy arrival are modeled as
homogeneous finite-state Markov chains (FSMCs). Therefore,
the power control optimization problem at hand becomes a
multistage stochastic optimization problem, and can be solved
via the MDP framework. To the best of our knowledge, this
is the first work that develops MDP-based channel-dependent
power control policy for distributed detection in EH-WSNs.
The MDP framework has been utilized before in [29], [30] to
address a quickest change detection problem.

It is worth mentioning that most of the works on EH-
enabled wireless communication systems (including single-
user and multi-user systems) consider memoryless channel
models (e.g., Gaussian MAC [31], [32], AWGN broadcast
channel [33], [34], MIMO broadcast and multicast channels
[35], [36], Gaussian interference channel [37], orthogonal
fading channels where fading process across transmission
symbols/blocks is independent [28], [38]-[42]). Markovian
channel model allows one to capture the effect of channel
memory into the system design and performance (e.g., system
throughput, outage probability, paired-wise error probability).
Exemplary works of EH-enabled wireless communication sys-
tems with Markovian channel model are: [43]-[45], which
considered Gilbert-Elliot channel model, and [46]-[51], which
considered finite-state Markov channel model.

B. Our Contribution

Given our adopted WSN model (see Fig. 1), we aim
at developing an adaptive channel-dependent transmit power
control policy for sensors such that a detection performance
metric is optimized. We choose the .J-divergence between

Authorized licensed use limited to: University of Central Florida. Downloaded on September 19,2023 at 22:10:51 UTC from IEEE Xplore. Restrictions apply.

© 2023 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See https://www.ieee.org/publications/rights/index.html for more information.



This article has been accepted for publication in IEEE Transactions on Green Communications and Networking. This is the author's version which has not been fully edited and

content may change prior to final publication. Citation information: DOI 10.1109/TGCN.2023.3264506

the distributions of the detection statistics at the FC under
two hypotheses, as the detection performance metric. Our
choice is motivated by the fact that J-divergence is a widely
adopted metric for designing distributed detection systems
[12], [13], [27], [52]. We note that J-divergence and P, are
related through P, > IIgII e~7/2, where IIy,II; are the a-
priori probabilities of the null and the alternative hypothe-
ses, respectively [12], [13], [52]. Hence, maximizing the J-
divergence is equivalent to minimizing the lower bound on
P,.. Modeling the quantized fading channel, the energy arrival,
and the dynamics of the battery as homogeneous FSMCs, and
the network lifetime as a random variable with geometric dis-
tribution, we formulate J-divergence-optimal transmit power
control problem, subject to total transmit power constraint, as
a discounted infinite-horizon constrained MDP optimization
problem, where the control actions (i.e., transmit power levels)
are functions of the battery state, quantized CSI, and the
arrived energy. We obtain the optimal and sub-optimal policies
and propose two algorithms based on value iterations in the
MDP. Our main contributions can be summarized as follow:

e Given our adopted system model, we develop the op-
timal power control policy, using dynamic programming and
utilizing the Lagrangian approach to transform the constrained
MDP problem into an equivalent unconstrained MDP problem.
For the optimal policy, the local action (i.e., a sensor’s transmit
power) depends on the network state (i.e., all sensors’ battery
states, quantized CSIs, and the arrived energies), and the com-
putational complexity of the algorithm grows exponentially in
number of sensors N. Implementing this solution requires each
sensor to report its battery state and arrived energy to the FC,
which imposes a significant signaling overhead to the sensors.

e To eliminate this overhead, we develop a sub-optimal
power control policy, using a uniform Lagrangian multiplier
to transform the constrained MDP problem into N decoupled
unconstrained MDP problems. For the sub-optimal policy, the
local action depends on only the local state (i.e., a sensor’s
battery state, quantized CSI, and the arrived energy), and the
computational complexity of the algorithm grows linearly in
N. We numerically study the performance of our proposed
algorithms and showed that the sub-optimal policy has a close-
to-optimal performance.

e We study how our system setup and proposed solutions
can be extended to the scenario where sensors are randomly
deployed in the field.

C. Paper Organization

The paper organization follows: Section II describes our
system and observation models, derives a closed-form expres-
sion for the total J-divergence and introduces our constrained
optimization problem. Section III describes the optimal and
the sub-optimal policies. Section IV discusses how our setup
can be extended to the scenario where sensors are randomly
deployed in the field (i.e., sensors’ locations are unknown a-
priori). Section V illustrates our numerical results. Section VI
concludes our work.
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Fig. 1: Our system model and the schematic of battery state in time slot ¢.

II. SYSTEM MODEL

A. Observation Model at Sensors

We consider a WSN tasked with solving a binary distributed
detection problem (see Fig. 1). To describe our signal process-
ing blocks at sensors and the FC as well as energy harvesting
model, we divide time horizon into slots of equal length T5.
Each time slot is indexed by an integer ¢ fort = 1,2, ..., T (see
Fig. 2). We model the underlying binary hypothesis H; in time
slot ¢ as a binary random variable H; € {0,1} with a-priori
probabilities (o = Pr(H; = 0) and (; = Pr(H; = 1) = 1—{p.
We assume that the hypothesis H; varies over time slots in
an independent and identically distributed (i.i.d.) manner. Let
Zp,+ denote the local observation at sensor 7 in time slot t. We
assume that sensors’ observations given each hypothesis with
conditional distribution f(z,, +|H: = h¢) for hy € {0,1} are
independent across sensors. This model is relevant for WSNs
that are tasked with detection of a known signal in uncorrelated
Gaussian noises with the following signal model

thli
HtZOZ

Tt = A+ Un,t,
forn=1,...,N, (D

Tn,t = Un,t,

where Gaussian observation noises v,  ~N (0, agn) are inde-
pendent over time slots and across sensors. Given observation
Zp,¢ sensor n forms local log-likelihood ratio (LLR)

and uses its value to choose its non-negative transmission
symbol «, ; to be sent to the FC. In particular, when LLR
is below a given local threshold 6,,, sensor n does not
transmit and let o, ;4 = 0. When LLR exceeds the given local
threshold 6,,, sensor n chooses «, ; according to the available
information (will be explained later). In particular, we have

En,O = Pr(a,:=0) = G(1-F;,) + 1 (1-PFy,),
En,l = Pr(an:#0) = (o, + G Fy,, 3)

where the false alarm and detection probabilities P, and Py,
can be determined using our signal model in (1) and given the

2

Authorized licensed use limited to: University of Central Florida. Downloaded on September 19,2023 at 22:10:51 UTC from IEEE Xplore. Restrictions apply.

© 2023 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See https://www.ieee.org/publications/rights/index.html for more information.



This article has been accepted for publication in IEEE Transactions on Green Communications and Networking. This is the author's version which has not been fully edited and

content may change prior to final publication. Citation information: DOI 10.1109/TGCN.2023.3264506

Sn,1 Sn,2 Sn,3 Sn,t

Slot 1 Slot 2 Slot ¢

T T 15
Fig. 2: Our adopted time frame structure for harvesting and transmission.
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Instead of fixing 6,,, one can fix Py, and let Py, = P4, Vn.

Then the false alarm probability in (4) can be written as P, =
Q(Q'(Pa) + \/A2[02).

Note that sensors are typically deployed in hostile outdoor
environments (e.g., for forestry fire and volcano monitoring
and detection, and battlefield surveillance) in an unattended
and distributed manner. Therefore, they are highly suscepti-
ble to physical destruction. We include this factor into our
modeling by letting n € [0,1) be the probability that a
sensor can survive physical destruction or hardware failure
and continue to function in time slot ¢. Defining the network
lifetime T as the time until the first sensor fails, we find that
T becomes a geometrically distributed random variable with
mean E{T}=1/(1 —n) [53].

B. Battery State, Energy Harvesting and Transmission Models

We assume sensors are equipped with identical batteries !

of finite size K cells (units), where each cell corresponds to
b, Joules of stored energy. Therefore, each battery is capable
of storing at most Kb, Joules of harvested energy. Let b,, ; €
B={0,1,..., K} denote the energy state of battery of sensor
n at the beginning time slot ¢ (also referred to as the battery
state). Note that b, ; =0 and b,, ; = K represent energy states
of empty battery and full battery, respectively.

Let e, + be the number of energy units that are harvested
and stored at sensor n during time slot ¢, i.e., at the beginning
of time slot ¢, sensor n knows the value of e,, ;1 but not e,, ¢,
and hence the harvested energy e,, ; cannot be used during slot
t. We assume e,, ;’s are independent across sensors, and model
en,¢ as a set of independent stationary first-order homogeneous
Markov process with transition probability matrix ®¢. For
each time slot ¢ we assume that the random variable e,, ; takes
values from a finite set E={E, Es, ... Ep } where E,,, € Z T,
E,, < Ep,+1. Therefore, matrix ®¢ is M x M and its (i, 7)-th
entry is [®gl; j = Pr(e,+ = Eilen+—1 = E;). This modeling
for the harvested energy processes is justified by empirical
measurements in the case of solar energy [54].

! For the simplicity of notations we assume the batteries are identical. Our
system model can be extended to non-identical batteries, where sensor n has
a battery of size Ky. Therefore, B, = {0, 1, ..., K, } is the set of battery
states, £n = {E1,n, E2,n,... Epn} is the set of harvested energy states,
and <I>( ™ is the corresponding transition probability matrix. The local state
space at sensor n (used in Algorithm 2) is Sp, = Bp, X G x En, and the global
(network) state space (used in Algorithm 1) is S=S7 X Sy X ... Sn. Also,
the dimensions of these sets are related through |S| = 25:1 |Sn|. Other
than these changes, the remaining analysis is unchanged.

500 w0, w0 W52 2
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Fig. 3: Our adopted FSMC model for channel fading process.

Let gy, indicate the narrow-band (flat) fading channel gain
between sensor n and the FC during time slot ¢t. We assume
9n,t’s are independent across sensors. We consider a coherent
FC with the knowledge of all channel gains. The FC quantizes
9n,t 0 Gn, and informs sensor n of g,, ;, through a bandwidth-
limited feedback channel from the FC to sensor n. Suppose the
quantizer has L quantization thresholds G = {y1, pia, .., i1},
where 0= p1 < po < ... < pp = o0, and Z; = [uy, py+1)
for l = 1,...,L — 1 denote the corresponding quantization
intervals. Suppose g, : = Q(gn,:) indicates the input-output
relationship of the quantizer. If g, , € Z; then g, ; = 1. We
define the probability ¢,,; = Pr(g,: = p), which can be
found based on the distribution of fading model in terms of the
two quantization thresholds y; and g4 1. For Rayleigh fading
model, gfl’t is modeled as an exponential random variable with
the mean E{g2 ,} =,, and we have

2 _ .2
—H] M4

(bn,l = Pr(gn,t = NJZ) =e%n —e Tin . (5)

We assume g, is a homogeneous finite-state Markov chain
(FSMC) [47] with an L x L transition probability matrix xp(g>

and its (k,l)-th entry is [\I/(g—n)}k’l = Pr(Gn: = p|Gni—1 =
w;). Fig. 3 is the schematic representation of this L-state
Markov chain. Assuming that the channel fluctuation due to
Doppler is slow enough (e.g., slow fading where fpTs < 1
[54]) such that the transition in g only happens between

adjacent channel states for Rayleigh fading model we have

i), k=1+1,1=1,.,L—1
Clui) k=1-1,1=2,..,L
n,l b b 90
o 1 - GUrCn) =g =2, L1
P k,l = n,
’ 1 - Cl), k=1,1=1
1 - G, k=L, 1=1L
n,L
0, O.W.
(6)
where G(x) = \/2mx /7, fpTs exp (—x/7g,) is the number

of times that gn,¢ crosses the level x in a downward direction
in T, seconds, and fp is the maximum Doppler frequency >
We assume the feedback channel from the FC to sensor n has
a delay, i.e., at the beginning of time slot ¢, sensor n only
knows g, ;—1 but not g, ;.

Let s, + denote the state of sensor n during time slot ¢. We
characterize s,,; by a three-tuple sy, ¢+ = (bn.t, Gn,t—1, €n,t—1)-

2 The choice of fading model affects the expressions of ¢n,1 in (5), G(x)

in (6), J(l>t in (30), and Q(z,y) in (31). Our problem formulation, analysis,
obtained optlmal and sub-optimal policies, as well as Algorithms 1 and 2 are
valid for other fading models.
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We denote the local state space as S =185 x G x &, where B is
the set of battery energy states, G is the set of communication
channel states, and &£ is the set of energy harvesting states.
Let s; = (S1,¢,52,4,...,5n,¢) denote the network state during
time slot t and S=8 x S x ... S denote the network state
space, where S=B x G x €. We refer to s,, €S and s, € S
as the local state and the global (network) state, respectively.
Clearly, S, S are discrete and finite. Let the dimensions of S, S
be denoted as |S|, |S|. We have |S| = |[S|Y = (K+1)LM)¥.

In time slot ¢, if LLR exceeds a given local threshold
6, sensor n chooses its non-negative transmission symbol
o, according to the available information (either the local
state s,; or the global state s;). Note that the amount of
energy consumed for transmitting non-negative symbol av, ;
cannot be more than the energy stored in the battery, i.e.,
o, must satisfy the inequality afb,th /by < by, This
implies that o, ; € U,; where the feasible set U, ; =
éO, \/bu/TS, s \/bn_,tbu/Ts} is discrete and finite. Let a; =

QU g, Qs ey N contain transmission symbols by all
sensors. We have oy, € Uy = Uy 4 X Usy X ...Uy . Further,
we assume that the nodes in the network must satisfy a total
transmit power constraint 3. Such power constraint can be
translated into ZnN:1 afm < Prot. Our goal is to develop
(sub-)optimal adaptive power control strategy such that the
detection performance at the FC is optimized.

In Section III we formulate the constrained optimization
of transmission symbol ¢, ; as a discounted infinite-horizon
constrained MDP problem. In this problem formulation, cv,
is the action taken by sensor n, and o is the collection of
actions taken by all sensors, during time slot ¢. We refer
to o, as the local action and o as the global (network)
action, respectively. We use dynamic programming to solve
the problem and provide two types of solutions: (i) the optimal
policy, in which local action ¢, ; depends on the global state
8y = (81,¢,52,6,--,SN,1) Where 8,4 = (bnt, Gnyi—1,€nyt—1)s
i.e., during time slot ¢ sensor n has access to the global state
s; and determines its action o, according to s;, and (ii)
the sub-optimal policy, in which local action «, ; depends on
the local state s,,; only, i.e., during time slot ¢ sensor n has
access to the local state s,, ; only and determines its action c, ¢
according to sy ;. Let the global state transition probability
Pr (st+1|st7at) denote the probability of entering network
state s;41 if network action oy is taken at network state s;.
Define bt = (bl,t; b27t, vy bN,t)’ gt = (gl,h gg,t, ---7gN,t)v e =
(e1,t, €2, ..., en,t). We can simplify the global state transition
probability as the product of three conditional probabilities
(see Fig. 4)

Pr (St+1|3t> Ott)
=Pr (bt-i-la.‘_]t’ eilbi, g1, €1, Olt)
=Pr (bys1|be, gy, €0, o) Pr(edes—1) Pr(glg, 1) (7)

The second and third conditional probabilities in (7) can

3 This is a common assumption in the WSN literature [55], [56]. From prac-
tical perspectives having such a constraint is meaningful, since (i) it enhances
the network energy efficiency, (ii) it allows us to fairly compare performance
of networks with different sizes (given the same transmission resources), and
(iii) it limits the interference power imposed on the neighboring WSNs.

Poo Py
@ &

Fig. 4: Schematics of Markov chain corresponding to the global state s¢. In this figure
we have Py ¢ 41 = Pr (st+1\st, at).

PyT

Prao

be decomposed across sensors, since gp:’s and e, ;’s are
independent across sensors. In other words, we have

N
Pr(et\et—l) = H Pr(en,tlen,t—l)7
n=1

N
Pr(g,|g,—1) = [ Pr(Gn.elgni—1) ®)
n=1
in which Pr(e, tleni—1), Pr(gn,¢|gn,t—1) are the transition
probabilities of e, ; and g, Markov chains, respectively. To
find the first conditional probability in (7), we need to know the
dynamic battery state model. The battery state at the beginning
of time slot £+ 1 depends on the battery state at the beginning
of time slot ¢, the harvested energy during time slot ¢, and the
transmission symbol «,, 4, i.e.,

bn,t+1 = min {[bn,t + €nt — a%,th/bu]ij K}v (9)

where [z]T = max{0,z}.

Considering the dynamic battery state model in (9) we
notice that, conditioned on e, ; and o, the value of b, ;11
only depends on the value of b, ; (and not the battery states
before time slot t). Hence, the process b; can be modeled
as a Markov chain and the first conditional probability in (7)
becomes

1 if (9) is satisfied Vn

Pr (biy1]bs, gy, €0, 00) = 0 otherwise

(10)

We define the reward function in Section II-D.

C. Received Signals at FC and Optimal Bayesian Fusion Rule

In each time slot, sensors send their data symbols to the FC
over orthogonal fading channels. The received signal at the
FC from sensor n corresponding to time slot ¢ is

yn,t:gn,tan,t+wn,t7 for n = 17---aN (1])

where wy,; ~ N(0,02, ) is the additive Gaussian noise. We
assume wy, ;’s are i.i.d. over time slots and independent across
sensors. Let y, = [y1.¢, Y24, ..,Yn,] denote the vector that
includes the received signals at the FC from all sensors in
time slot t. The FC applies the optimal Bayesian fusion rule
Ty(.) to the received vector y, and obtains a global decision
uo,t = Lo(y,), where up € {0,1}. In particular, we have

1, At > T,

12
0, At<7'7 (12)

Up,t = Lo(y,) =
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where the decision threshold is 7 = log(g—(l’) and

i f(yt|ht = 1))
Ay =log (f(ytmt —0))’

and f(y,|h:) is the conditional probability density function
(pdf) of the received vector y, at the FC. From Bayesian
perspective, the natural choice to measure the detection per-
formance corresponding to the global decision ug ; at the FC
is the error probability, defined as

P = (o Pr(uos = 1lhe = 0) 4 ¢1 Pr(uo = 0lhy = 1)
= C() PT(At > T|ht = 0) + gl PI'(At < T‘ht = 1)

13)

(14)

However, finding a closed form expression for P, is mathemat-
ically intractable. Instead, we choose the total J-divergence
between the distributions of the detection statistics at the
FC under different hypotheses, as our detection performance
metric. This choice allows us to provide a tractable analysis.
Next, we define the total J-divergence and derive a closed-
form expression for it, using Gaussian approximation.

D. Total J-Divergence Derivation and Reward Function

Consider two pdfs of a continuous random variable z,
denoted as 7;(x) and mz(x). By definition [12], the J-
divergence between 7;(x) and ng(z), denoted as J(n1,10),
is J(11,110) = D |lo) + Dlnollmy), where D(rilln;) is the
non-symmetric Kullback-Leibler (KL) distance between 7; ()
and n;(x). The KL distance D(n;||n;) is defined as

D(n;||n;) = /jo log <Z§Eg> n;(z)dz. (15)
Therefore, we obtain
Somm) = [ mte) ~ miaog (25 ) gz, a1

In our problem setup, the two conditional pdfs f(y,|h: =
1) and f(y,lht = 0) in (13) play the role of n;(z) and
1o (), respectively. Let Jyo ; denote the J-divergence between
f(yslhe = 1) and f(y,|ht = 0). The pdf of vector y, given
ht is

N

I1 f@nilhe) for by =0,1.

n=1

f(yelhe) = (17)

where the equality in (17) holds since the received signals from
sensors at the FC, given h;, are conditionally independent. Let
Jn,t represent the J-divergence between the two conditional
pdfs f(yn,tlhe = 1) and f(yn.|he = 0). We have

Jn,t =

°° _ _ f(Ynilhe=1)
/_Oo{f(ymtmt—1)_f(yn,t|ht—Oﬂlog(M)dyn;
(18)

Based on (17), the total J-divergence, denoted as Jio ¢, iS
Jiott = Somy - Note that f(yn,i|he = 0)= f(yn.slan s #
0)P;, + f( Y1 —PF,) and f(ynelhe = 1) =
fYntlant # 0)Pa, + f(Yn,tlan,: =0)(1—Py,) are Gaussian
mixtures and the J-divergence between two Gaussian mixture

densities does not have a closed-form expression [12], [27].
We approximate J,,; in (18) using the Gaussian densities
TG (Ynilhe) ~ J\/(mmh,Tiyh), where m,, 5, and T%,h are
obtained from matching the first and second order moments of
the actual and the approximate distributions. For our problem

setup, My, and T3, , are

Mp,0 = gn,tan,tpfna

2
mMn1 :gn,tan,tpdna Tml

quz,o :gi,tai,tpfn (1-F,) +U120n )

= gi,tagl,tpdn (1-"Pu,) "‘Uin
(19)

The J-divergence between two Gaussian densities, represented

as J(f9ynelhe = 1), f9(yntlhe = 0)), in terms of their
means and variances is [12], [27]

J(FC (ynlh = 1), € (ynlh = 0)) =

T?L,1+(mn,lfmn70)2 i T2 OJF(mn 0—Mnp 1)2
1o P

(20)

Substituting m,, , and T%, 5, of (19) into (20) we approximate

Jn,+ In (18) as the following

2 2

2 2 2 2
Uu) +Angn,tan,t aw +Cngn,tan,t

2 2 2 2 2 2 0
O-'wn + B’ﬂgn,tan,t O-wn + D’ﬂgn,tan,t

Jn,t(.gn,ta an,t)

21
where
Ap =P, (1-Fy,) + P, (Pa, — 1,
Cn=P,(1-1,)—-PF, (P, —F,),
By=P.(1-Py), Dp=P.(1-F.). (22

The notation J,, ¢(gn,t, ¥n¢) in (21) is to emphasize that J-
divergence depends on both transmission symbol c«,,; and
fading channel gain g, ;. The dependency on g, ; stems
from the fact that the FC has full knowledge of all channel
gains ¢, +’s, and the optimal Bayesian fusion rule utilizes this
full information to make the binary decision. On the other
hand, sensor n only knows g, ;—1 = Q(gn,—1). Hence, a,
can only depend on g, ;—1. To resolve this issue, we take
the average of J,; over g, conditioned on g, ;1. Let
Eqg. 1gn.c—11In.t(Gn.t @ t)|Gn,t—1} denote the average of J-
divergence over g, when action «,; is taken according to
the available information at sensor n, conditioned on gy, ;—1.
Let r(ozmt) indicate the immediate reward function of sensor
n at time slot . We define the immediate reward function of
sensor n as the average of .J-divergence over g, ; when action
ap+ # 0 is taken according to the available information at
sensor n, conditioned on g, ¢—1, i.€.,

(23)

r(nt) = CaaBgp 1 gnr 1T Gty Ont) | Gne—1}

where Zn,l = Pr(a,,+ # 0) is given in (3). Note that when
action o, 1 =0 is taken from (21) we find J,, ¢(gn t,0) = 2. By
defining the immediate reward as (23) we neglect the constant
term Cn,o]Egn,dgn,t_l{J(gn,n 0)|gn,t—1} = 2n,0 and do not
count it toward the immediate reward function. To compute
the immediate reward function in (23), first we define the
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following

(1 _
JT(I% = ]Egn,t|§n,.t=m {Jn,t (gn,h an,t) |gn,t = Ml}
- _
J7(1,35 = ]Egn.,t‘gn‘t—lz,ufl {Jn,t (gn,t7 an,t) |gn,t71 = ,Ul}

(24)

Hence, the 1mmediate reward function in (23) can be rewritten
in terms of J ) for | = 1,...,L as

r(ant Cnl(ZPr gnt 1*Nl)j7(Ll,)t
~—_———
7¢ﬂl
+ Pr(Gne1 = i) I+ Pr(gng—1 = p) Iy )(25)

:¢71,1 :d)n,L

To full 2/ characterize the reward function in (25) we need to

find J defined in (24) for [ = 1,..., L. When g, ;-1 = 1
for [ = 2, ..,L —1, from (6) we have
ii—1 with probability [ g— ]l 1.
Gni =1 m  with probability [¢]; (26)
ti+1  with probability [¥ (g‘ 141
When g, ;1 =1, from (6) we have
. . (n)
B w1 with probability [¥5"];
In,t = ! . P . Y [ %n)] ! (27)
i with probability [\I/g J2.1
and when g, ;1 =pr, from (6) we have
) pz—1  with probability [WSV],_;
Gnyt = . Gy g 7 (28)
pr  with probability [P g lo.-1

Therefore, J. 7o and J, A

it .t 10 (24) become related as the follow-
ing

[ Y + el J(lt+[‘1’@)]z+1,zj,(f,t+1)l#LL

1 = wf?" g+ W) 03 =

n,t

[\IjgjL ] oL LJ(L 1) + [\I/(gn>]L LJ(L

n,t n,t

=1L

(29)
Note that J,, A 4 in (24) can be obtained based on the distribution
of fading model. For Rayleigh fading model, we have [27]

)
I = b [0 1) - Q02 o).
where the two dimensional function Q(z,y) in (30) is

Q(z,y) =

(30)

1 A B
B,z |:0-72Unﬁ1 (x, y) N ani7lﬂl (Z‘,y) - Anxe( y’yg"):| +
1 C, ~
D. |:0'5)n52($,y) - D*O'Z)nﬂg(fﬂ,y) —Cnxe( y’an):|7
(31

Also, A,,, B,, C, and D, are given in (22) and the two
dimensional functions S;(z,y) and Sa(z,y) in (31) are

2 2
A an ’YQn ) . ( an’an )
= —_— E J— —_— =
61 (l‘, y) Yan CXp( I'Bn 1 V9. Y LCBn )
2
wﬂ 79n) ( an%n)
Ei( — - ——).
Ba(z, y) Yon exp( «D, 1 Yon Y +D,

In summary, the reward function in (25) can be written as

r(an) cm(ZmlJ”wn, Vo) G2

in which j,(L)t is given in (29). The immediate network reward
function at time slot ¢, denoted as r(ay), is the sum of the
reward functions of all sensors

E ant

(33)

where r(anyt) is given in (32).

At every time slot ¢, sensor n decides the transmission
symbol «, ; according to the available information (either the
local state s,, ; or the global state s;) such that the discounted
sum of reward is maximized, subject to two constraints: (i)
the amount of energy consumed for transmission symbol a,
cannot be more than the energy stored in the battery b, 4, i.e.,
afst/bu < by, or equivalently, oy, € Uy, Vn,t, (ii)
the nodes in the network must satisfy a total transmit power
constraint, i.e., Zﬁ;l oz i < Pot, Vt.

In the next section we formulate the constrained optimiza-
tion of «,,; as a discounted infinite-horizon constrained MDP
problem. We use dynamic programming to solve the problem
and provide two types of solutions: (i) the optimal policy, in
which the local action «,; depends on the global state s,
and (ii) the sub-optimal policy, in which the local action av, ¢
depends on the local state s,, ; only.

III. PROBLEM FORMULATION

We start our problem formulation by defining the set of
feasible policies. Let §; denote a general decision rule that
describes how a network action « is selected according to
the global state s; in time slot ¢, ie., oy = d;(s;), and
m=(d1,02,...07) be the corresponding policy for t=1,..., T,
i.e., 7 is the sequence of decision rules to be employed for
time slots t = 1,...,T [57, pp.21]. We say that a policy 7 is
feasible if it satisfies the two constraints: (i) o, € U, Vt, (ii)
Zg 1 a + < Prot, Vt. Let 11 be the set of feasible policies
m. Then, for any given global state s; at the first time slot
t = 1, the expected network reward between the first time slot
until a sensor stops functioning with policy 7w € II is given by

Ve(s1) =E {ET{ ir(at)}‘slﬂr}

t=1

N
s.t. oy € Z:[t, Zai’t < Ptoh vt

n=1

(34)

where the outer expectation E{.} in (34) denotes the statistical
expectation taken over all relevant random variables given
initial global state s; and policy m. The inner expectation
Er{.} in (34) denotes the expectation with respect to the
random variable 7. Note that with a different initial global
state s; and a different policy 7, a different network action
o will be selected in time slot ¢, which results in a different
state transition probability Pr (st+1|3t,at) when the outer
expectation E{.} in (34) is computed. Since T is a geometric
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random variable with mean E{T} = 1/(1 — n), (34) is
equivalent to the objective function of an infinite-horizon MDP
with discounted reward given by [57, Proposition 5.3.1]

Va(s1) = IE{ Zntr(atﬂsl,w}

N
s.t. o € Z;{t, Zaz‘vt < Ptot» vt

n=1

(35)

where 7 in (35) can be interpreted as the discount factor of the
model and V;:(s1) in (35) can be interpreted as the long-term
expected network reward starting from an initial global state s;
and continuing with the policy 7 from then on [57]. Since the
network will stop functioning at some time in the future, the
network reward at time slot ¢ is discounted by factor 7¢. The
problem in (35) is our discounted infinite-horizon constrained
MDP problem.

One can easily show that the objective function Vi (s1)
in (35) converges to a finite value [57, pp. 121]. The proof
follows. First, we note

N
sup [r(aq)| < sup Z |7 (cun 1)l (36)

s:€S, a€ly S1€S, o €Uy 1

Next, we examine r(a,) in (32) and we note that
Cnas {én}E, are probabilities and {J,(l)t}le depend on the

two dimensional Q(.,.),51(.,.), B2(.,.) functions, which all
take finite values Vs; € S, oy € U,. Hence the right-hand
side of (36) is finite. This completes the proof. Due to
Markovian property of MDP problems, it suffices to consider
only Markovian policies. Hence, our aim is finding the optimal
Markovian policy 7 € II that maximizes V,(s1) in (35). That
is, given the initial global state s;, our goal is to obtain the
optimal expected total discounted network reward V*(s;) and

the optimal Markovian policy 7* € II defined as follows:

V¥(s1) =max Va(s1), 7" =argmaxVz(s1)

N
s.t. oy € Z/_{t, Z O"r2L,t < Ptot7 vt

n=1

(37

A Markovian policy 7= (91, d,...07) is said to be stationary
deterministic if §; = ¢ for all time slots such that 7 =
(6,0,...,0) and ¢ is deterministic [57, pp. 21]. The existence
of a stationary deterministic optimal policy is guaranteed when
the network state space S is discrete and finite [57]. Thus, our
objective is to find the optimal stationary deterministic policy
7 € II that maximizes V(s1) in (35).

A. Finding the Optimal Policy

To maximize V;(s1) in (35), we first utilize the Lagrangian
approach [58], [59] to transform the constrained MDP op-
timization problem into an equivalent unconstrained MDP
optimization problem. For each global state s; we introduce
a Lagrangian multiplier A\s;, associated with the constraint

(22;1 a%’t - Ptot). We define the Lagrangian value func-
tion L(s¢, As,) using the dynamic programming [59]

L(st,Xs,) = max { L(st, o, As,) +

= term 1

n Z Pr (3t+1|3t7 at)£(3t+1a )\sm) }’

St4+1

(38)

= term 2

where L(8y, o, As,) is defined as

N
L(st, ap, As,) = () — A, (Z aiyt - ’Ptot> .39
n=1

In fact, L(s;, a4, As,) in (39) can be interpreted as the
modified network reward function at time slot ¢, where the cost
of violating the constraint is subtracted from the immediate
reward 7 (o) earned in time slot ¢. On the other hand, term 2
in L£(s¢, As,) is the expected total discounted future network
reward if network action «; is chosen. Since «; can be zero
or non-zero, term 2 can be expanded as (40). Note that a; = 0
only if ay, + =0,Vn, i.e., when LLR is below the local thresh-
old 60,,,Vn. Using (3) we find Pr(a; = 0) :Hf:]:l Pr(a, =
0)=TT"_, ¢u.0 and Pr(cy # 0)=1 — Pr(a; = 0).

With fixed Ag,, the constrained MDP problem in (35) can
be viewed as an unconstrained MDP problem in (40) with the
modified network reward function L(s¢, s, As,) at time slot ¢
given in (39). Let U (s, ) denote the Lagrangian dual function,
where

U(Xs,) = max L(ss, As,) (4D

Then the Lagrangian dual problem can be written as
i As 42
min U(Xs,) 42)

The resulting dual solution has zero duality gap compared
to the primary problem in (38) [59, pp.2]. To solve the
dual problem in (42), we iteratively solve the following two
sub-problems until a pre-specified convergence criterion is
reached. The outer minimization sub-problem (the outer loop
in Algorithm 1 with iteration index %) updates /\gt. The inner
maximization sub-problem (the inner loop in Algorithm 1 with
iteration index 7) finds the optimal 7; given )\it. The pseudo
code of the algorithm is given in Algorithm 1.

1) the inner maximization sub-problem: Given )\ét we
adopt the value iteration algorithm [60] to find the optimal
policy ;. The convergence criterion is [£7 (s, AL, ) —
L7 (s, AL)| < er(1 —n)/2n, for a given 1, where
LI(s, AL,) indicates the long-term expected reward in
the j-th iteration from (40).

2) the outer minimization sub-problem: The outer min-
imization over the Lagrangian multiplier A\, is a linear
programming problem.

We use the sub-gradient method to update )\it as the
following.

+

AH = , (43)

N
/\ist + 6 <Z Oéi,t - Ptot)
n=1
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L(8¢, As,) = max L(st,at,)\st)Jrn(Pr o; =0 Z Pr st+1|st, 0)L (st+1,/\st+l)+Pr(at7é0)Z Pr (st+1|st,at)E(stH,/\SHl))
————

well
St41
= term 1

} . (40)

St41

= term 2

Algorithm 1: optimal power control algorithm
Inputs: S, &g, U K, Ygns O, > Prots Pros P, 10, €1, €2
Output: optimal policy 7
1: Specify €; > 0, €5 > 0 set L(s1,As,) =0, 8, €S
seti=1;
2: for ﬁxed )\Z do
3: Setj—l for each s, € S do

for each oy € Us, do
calculate

F(se, o, ML) = L(sy, 04, AL, )+
n Z Pr (5t+1|3ta Oét)ﬁj_l(stﬂa )\QHI)

St+1

end
calculate £7 (s, AL, ) = maﬁ{]-'(st7 o, N )b
i€

end
4: If

ma§|£ (8¢, AL,) — LI (s, ML) < ex(1—n)/2n,

go to Step 5. Otherwise, increase j and go back to

Step 3.
5: We obtain the optimal policy

m; = argmax {Ej(st, )\it)}.

;€11
end
6: Update )\Z using the rule in (43) and 7}
z+1 l
7. If ! < €. then m = m;. Otherwise, increase

¢ and go “back to Step 2.

where [ is a positive scalar step size satisfying the
conditions > i, 3° = oo and Y ;o (B8%)? < oo. The
update rule is such that if ZnN:1 a%’t is larger (smaller)
than Py, then Ag, sho|u>\17d+ 1incrlezilse (decrease). Unless the

convergence criterion % < €g is met, for a given

€2, we increase ¢ and solvé the inner maximization sub-
problem again.
Note that the above sub-gradient method is guaranteed to
converge to the optimum Ag,, as long as [ satisfies the
conditions stated above, due to the convexity of the dual
problem (42) over Ag,.

Remark on the computational complexity of Algorithm
1: We switch between solving two sub-problems until the
convergence criterion for updating the Lagrangian multiplier is
met. Given \g, we solve the inner maximization sub-problem,
ie., we solve (40) for each s; € S (refer to Step 3 of
Algorithm 1), where |S| = |S|V. Our numerical results show
that the computational complexity of calculating 7} (Step 5

of Algorithm 1) is O(|S|V K'2V). On the other hand, the
complexity order of the gradient-descent algorithm to find the
local minimum of function U(\s,) and converge to an eo-
accurate solution is € = 1/ey [61, p. 232]. Hence, the overall
computational complexity of finding the optimal policy using
Algorithm 1 is O(€|S|NVK12V). Note that the complexity
order scales exponentially in N.

Remark on implementing the optimal policy: The opti-
mal policy, a.k.a. centralized solution in the dynamic control
literature, requires the knowledge of the global state s; to
determine the network action c; = 0(s;). This implies that
sensor 7 in the network cannot find its local action ¢, ; at time
slot ¢, unless it knows the global state s;. Hence, implementing
this solution requires all N sensors to report their local states
Sn,t, Yn to the FC. The FC concatenates all the received local
states and forms the global state s;. Then based on s;, the
FC determines and broadcasts the network action «;. This
process, however, consumes significant signaling overhead.

To reduce the signaling overhead, we consider finding a sub-
optimal policy, a.k.a. decentralized solution in the literature,
where sensor n in the network finds its local action «,; at
time slot ¢, only based on its own local state s, ;.

B. Finding the Sub-Optimal Policy

Let 0/, denote a deterministic decision rule that describes
how a local action «, ; of sensor 7 is selected according to the
local state s, in time slot ¢, i.e., ¢ =0}, (Snt), and wy, =
(67,0, ...,6]) be the corresponding stationary deterministic
policy for t=1,...,T [57, pp.21]. We say that a policy w,, is
feasible if it satisﬁes the two constraints: (i) o, ¢ € Uy ¢, VE, 1,
(i1) Zn 1 a? , < Piot, Vt. Let Q be the set of feasible policies
W,

Our objective is to find a stationary deterministic policy
wy, € Q that maximizes V,, (s1) in (44). We refer to this
solution as the sub-optimal policy.

W},V’I’L

Voo {zn S ) o
n=1
s.t. ap L € Z/{mt, Vt,n, Zai,t < Ptota vt (44)
n=1
We note that maximizing V,,, (s1) in (44) with respect to w,
is simpler than maximizing V. (s1) in (35) with respect to
m, i.e., finding the sub-optimal policy is easier than finding
the optimal policy. This is due to the fact that, when the
local action a,; is selected according to the local state s, ¢

only in time slot ¢, the global state transition probability
Pr (3t+1 st at) in (7) can be completely decomposed across
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X(snt,A) = max {X(sn,uan,h)\) +1(Pr(ane =0) Y Pr(speslsne, 0)X (sn41,A) + Prlame #0) Y Pr(spesilsnt; ane) X (snip1,A)) } (47)
—— ———

wn €N R
n,t+1
= term 1

Sn,t+1

= term 2

sensors. In other words, we have

N
Pr (St+1|3t7 Oét) = H Pr (Sn,t—&-l‘sn,ta an,t)

n=1

N
:HPr(bn,t—&-l ‘bn,ta n,ts En.t a7z,t)Pr(67z,t |67z,,t—1)Pr(gn,t

n=1

where

1 if (9) is satisfied

Pr bnt-ﬁ-l‘bntgnt Cn,t,Ont) =
(’ AR ) 0 otherwise,

The decomposition of the global state transition probability
into the product of the local state transition probabilities
directly impacts how the outer expectation E{.} in (44) is
computed and allows the objective function in (44) to be
decoupled across sensors. If there were no total transmit power
constraint in (44), the MDP problem in (44) would have
become completely decoupled across sensors. The challenge
imposed by the total transmit power constraint can be ad-
dressed via adopting a uniform Lagrangian multiplier. Similar
to [59] we let a uniform Lagrangian multiplier A5, = A, Vs,
be associated with the constraint 22;1 afm — Piot ). This
uniform Lagrangian multiplier allows us to decouple the MDP
problem in (44) across sensors and reduces solving (44) into
solving N smaller MDP problems. While the computational
complexity of finding the optimal policy scales exponentially
in N, we will show that the computational complexity of
finding the sub-optimal policy scales linearly in N.

We define the Lagrangian value function X(s, ¢, A) using
the dynamic programming
X(8nt,\) = max {X(sn’t,an’h)\)—i—
wn €N N——’
= term 1

n Z Pr (Sn,t—i-l |Sn7t7 an7t)X(5n,t+17 )\)}a

Sn,t41

(45)

= term 2

where the modified reward function X (s, ¢, tp 1, A) is defined
as

X (86, Oty A) = (@ t) = A <a,2l’t— P“”) (46)

N

With fixed A, the constrained MDP problem in (44) can be

viewed as N decoupled unconstrained MDP problems in (47)

with the modified network reward function X (sy, ¢+, an ¢, A) at

time slot ¢ given in (46). Let U (M) denote the Lagrangian dual
function, where

ff()\) = max X (spt, )

wn€

(48)

§ n, t—l)

Then the Lagrangian dual problem can be written as

min U ()

min (49)

To solve the dual problem in (49), we iteratively solve the
following two sub-problems until a pre-specified convergence
criterion is reached. The outer minimization sub-problem
updates A’. The inner maximization sub-problem finds the
optimal w,, ; given A\’. The pseudo code of the algorithm is

given in Algorithm 2.

1) the inner maximization problem: Given A’ we adopt
the value iteration algorithm [60] to find the sub-optimal
policy wy, ;. The convergence criterion is [ X7 (8,4, A) —
X7 (84, A)| < €1(1 —1n)/2n, for a given €1, where
X7 (spt, ) indicates the long-term expected reward in
the j-th iteration from (47).

2) the outer minimization problem: The outer minimiza-
tion over the Lagrangian multiplier A is a linear program-
ming problem. We use the sub-gradient method to update
\? as the following

N
g 67 (Z ai,t — Ptot)
n=1

where [ is a positive scalar step size satisfying the
conditions > ° 3 = oo and Y =,(8%)? < oc. The
update rule is such that if Zﬁ;l a%,t is larger (smaller)
than Py, then A should increase (decrease). Unless the
convergence criterion % < €9 is met, for a given
€2, we increase ¢ and solve the inner maximization sub-
problem again.

+

AL = , (50)

Note that the above sub-gradient method is guaranteed to
converge to the optimum A, as long as (3 satisfies the conditions
stated above.

Remark on the computational complexity of Algorithm
2: We switch between solving two sub-problems until the
convergence criterion for updating the Lagrangian multiplier
is met. Given A we solve the inner maximization sub-problem,
i.e.,, we solve (47) for each s, € & (refer to Step 3 of
Algorithm 2), where the dimension of S, denoted as |S|. Our
numerical results show that the computational complexity of
calculating w}; ; (Step 5 of Algorithm 2) is O(|S|K'?). On
the other hand, the complexity order of the gradient-descent
algorithm to find the local minimum of function U()\) and
converge to an eg-accurate solution is € = 1/e5 [61, p. 232].
Hence, the overall computational complexity of finding the
sub-optimal policy using Algorithm 2 is O(eN|S|K ). Note
that the complexity order scales linearly in N.

Remark on implementing the sub-optimal policy: The
sub-optimal policy, a.k.a. decentralized solution in the dynamic
control literature, requires the knowledge of the local state s,, ;
only to determine the local action v, ; = 0,,(sn.t), Vn. This
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Algorithm 2: sub-optimal power control algorithm

Inputs: S, ¢, \Il(g—"), K, ., O’?Un s Piot, Pr, , Pa, , 1, €1, €2

Output: sub-optimal policy w,,

1: Specify €1 > 0, €2 > 0 set X(sp0,A) =0, spt €S
sett=1;

2: for fixed \! do

3: Set j = 1, for each sensor do

for each oy, ; € U, , do
calculate

]:(Sn,ta Qn ity >\Z) = X(Sn,ta an,t)\)+
77( Z Pr(57L,t+1 ‘Sn,ta an,t)inl(Sn,t—Hv AZ))

St+41
end
calculate
X7 (Sn,ta )\2) = wmaGXQ{F(S"’t’ Qo t,y )‘Z)}
end
4: If

max |Xj(sn’t,)\i) - Xjfl(snyt,)\i)\ <e(l—=mn)/2y

Sn,t €S
go to step 5. Otherwise, increase j and go back to
Step 3.

5: We obtain policy

*
wn,

Q {Xj(sn’t)}‘

; — arg max
Wn,i €

end

6: Update A\’ by using (50) and w}, ;;

7. If Wjifm < € then w;,, = wy, ;. Otherwise,
increase ¢ and go back to Step 2.

implies that sensor n in the network can find its local action
an,: at time slot ¢ with the knowledge of its local state s,, ;.
Hence, implementing this solution, different from the optimal
solution, does not require sensors to report to the FC and does
not impose signaling overhead to the sensors.

IV. EFFECT OF RANDOM DEPLOYMENT OF SENSORS

Our signal model in (1) is a widely adopted model in the
literature of signal (target) detection [12], [15], [62], in which
the signal source is typically modeled as an isotropic radiator
and the emitted power of the signal source at a reference
distance dy is known [63]. Suppose Py is the emitted power
of the signal source at the reference distance dy, and d,, is
the Euclidean distance between the source and sensor n. For
a general intensity decay model, the signal intensity at sensor
n, denoted as zy, ¢, is [63]

Po
Znt = T3 77 a0
T (dn/do)
where ~v is the path-loss exponent, e.g., for free-space wave
propagation v = 2. With this model, the problem of noisy sig-

619

nal detection is equivalent to the following binary hypothesis
testing problem

Ht =1: Tnt = Zn,t + Un,t, Ht =0: Tn,t = Un,t, (52)

in which z,, ; and variance of v,, ;, denoted as agn , are assumed
to be known [12], [15], [62]. Note that the binary hypothesis
testing problem in (52) can be recast as the problem in (1), by
scaling the sensor observation x,,; with (d,,/dy)”. This signal
model applies to an arbitrary, but fixed (given) deployment
of sensors. For applications where the sensors are deployed
randomly in a field, the sensors’ locations are not known a
prior. This implies that A in (1) is unknown, and consequently,
P, in (4) cannot be determined before deployment. To expand
our optimization method beyond fixed deployment of sensors,
we assume that sensors are randomly deployed in a circle field,
the signal source is located at the center of this field, and it is
at least 7y meters away from any sensor within the field. Let
Tt be the distance of sensor n from the center. We assume
Ty, is uniformly distributed in the interval (rq,r1), i.e.,
1

r1—70’
0, 0.W.

7o < Tnt < T1,
Flrns) = o= (53)
Suppose the emitted power of the signal source at radius rq is
Py. Then the signal intensity at sensor n is z,; = JW
Given the pdf of r, . in (53), we obtain the pdf of fzn,t as
follows

VP 0 0
Y . (1 —1rn)? 5 < ZTL. S BCRE]
flang) = { ZnevFmanmro g g (54)
0, 0.W.

Based on the pdf of 2, in (54) we can recompute P, in (4)

Z2
3 O + 553"
= |7 Q(—===2) | FGnd)dza,
ﬁ Z%,t/ogn
2
& 9 _ Zn,t
r2 n ZUgn
P, = |7 |Q(—=22) | fenddzns  (55)
Po 2 2
'r'% Zn,t Un
Po
Po= [ Q@ o)+ o, ) enden 60
?

With random deployment of sensors, problem (P1) is still
valid, with the difference that, for J,, ; in (21), P, expression
should be replaced with the ones in (55)-(56).

V. SIMULATION RESULTS

We corroborate our analysis with MATLAB simulations and
investigate: (i) the effect of policy (optimal versus sub-optimal)
on transmit powers of sensors, (ii) the achievable J-divergence
when we adopt the optimal, and sub-optimal, and random
policies to set transmit powers of sensors, (iii) error probability
P, when we adopt the optimal and sub-optimal policies to set
transmit powers of sensors, and the trade-off between P, and
consumed transmit power, (iv) the behavior of P, as different
system parameters vary, (v) the effect of random deployment
of sensors on P..
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(a) Optimal policy, sensor 1

(b) Optimal policy, sensor 2

(c) Sub-optimal policy, sensorl (d) Sub-optimal policy, sensor 2

Fig. 5: Transmit powers (ait, a;t) in optimal and sub-optimal policies for N = 2, SNR; = 3dB, Ptor = 5mW, K = 6, b, = 0.5mJ, (74, ,7g,) = (1,1.5), fpTs =
0.04, L=4,G,={0,0.3,2.5,4.7},G>=1{0,0.2,1.4, 3.6}, (p1,p2)=1(0.4,0.5), (e1,t, e2,¢) = (2by, 2b,,).

In all our simulations, we let o2 =

2. = 0s = 1,Vn and
Py, = P4,¥n. Also, 7 = 72,Yn except for Fig. 5. We
let P; = 0.9 except for Fig. 10, the discount factor n = 0.9
except for Fig. 14, and fpT, = 0.05 except for Fig. 10. We
assume the Gaussian observation noise variance aﬁn =02, Vn
and we define the SNR corresponding to observation channel
as SNR; = 20log(A/o,). We adopt a solar-power energy
harvesting model similar to [54], in which the harvesting
condition is classified to M = 4 states as “Poor”, “Fair”,
“Good”, and “Excellent”. We assume & = {0, 2b,, 4b,,, 6, }
and the transition probability matrix ®¢ is characterized in

terms of an energy harvesting parameter p as the following
p 1-—p 0 0

1-p 1-p 0
de=|(2 )/ 2
Tl e B

0 0 1—p p

We let p = 0.5 except for Figs. 5 and 15. Our battery-
related parameters are (K, b,). Our system setup is based
on a given set of L channel gain quantization thresholds
G = {1, 2, -, ur}. To explore the effect of quantization
thresholds we consider two different objective functions to
obtain the quantization thresholds {p;}% ;.

e Finding {u}}, via Minimizing Mean Absolute Error
(MMAE): We consider mean of absolute quantization error
(MAE), denoted as E{|g,,; — Gn.|}. as the objective function

L—-1

E{lgn, — gnel} = Z/

1=0 Y Hl

Hi+1

(= ) fy,, (@)da. (5T)

To find {4}, that minimize MAE, we take the derivative of
MAE with respect to p; and set the derivative equal to zero.

e Finding {iu}l_, via Maximizing output Entropy (MOE):
We consider the mutual information between g, ; and gy ¢,
denoted as I(gn;Gn,t), as the objective function, where
1(gn; Gn.t) = H(Gnt) — H(Gn,t|gn,t), and H(x) denotes the
entropy of discrete random variable x. To find {y;}2 , that
maximize I(gn.¢;gn,e), We note that H (G, ¢|gn:) is zero,
since given g, ¢ gn:¢ is known. Furthermore, H(g,:) is
maximized when g, ; follows a uniform distribution, i.e., we
set ¢ =Pr(gn,e =) =Pr(m < gn+ < py1) = 747, and the

threshold p; can be obtained as ;= (—fygn In (1 - ﬁ)) ’

Overall, our channel-related parameters are
(Ygu, f0Ts, L,G), where G depends on (v,,,L) and
the choice of objective function to obtain the quantization

thresholds. The state probabilities and the entries of the
transition probability matrix \I!(g-n) can be obtained via (5)-(6)
given (797,, ) fDTsa La g)

o Effect of policy on transmit powers of sensors: To
show how transmit power a%)t of sensor n changes based
on the adopted policy, we consider N = 2 sensors. Re-
call for the sub-optimal policy «, ; depends on the local
state Snt = (Dnt, Gn,t—1,€n,t—1), Whereas for the optimal
policy the local action «,,; depends on the global state
st = (s1,4,52,¢). We use Algorithm 1 and Algorithm 2,
to find and set transmit power afl’t corresponding to the
optimal and the sub-optimal policies, respectively. Fig. 5
illustrates (o ;, 3 ;) when optimal and sub-optimal policies
are adopted, given a set of energy harvesting, battery-related,
and channel-related parameters, and assuming the quantization
thresholds are obtained via MMAE. To enable the illustration,
we assume the state of energy harvesting for both sensors
is “Fair”, ie., (e14—-1,€2,-1) = (2by,2b,), and the states
of battery (b1, b2,;) and the states of quantized channel
gains (g1¢—1,G2,—1) are variable. For example, this figure
shows that when the local states are s;; = (7,3,2),82; =
(7,3,2), then transmit powers of sensors corresponding to
the optimal policy is (a1, a2,) = (1.5mW, 2mW), whereas
transmit powers of sensors corresponding to the sub-optimal
policy is (a14,a9:) = (1mW,3mW). The Achievable
Jiot corresponding to optimal and sub-optimal policies are
11.58 and 10.43, respectively. These figures also show that,
ai’t(bn’hgn,t,l,em,l) is monotonically increasing in by, ¢,
given gy ¢—1 and ey ;1.

e Achievable .J-divergence corresponding to optimal,
sub-optimal, and random policies: Fig. 6 and Fig. 7 show
average .J-divergence versus b, and SNR; respectively. To
plot the curves we set transmit power aiyt corresponding to
the optimal, the sub-optimal, and random policies, and then
we average Jior . = ij:l Jn,t over 104 independent Monte
Carlo runs. For random policy, we randomly choose afm
such that the two constraints in (34) are satisfied, i.e., (i)
a2 Ts/by < by, Vtn, (i) S0 a2, < Py, Vt. Fig.
6 illustrates that, given a K value, the average .J-divergence
increases in b,,, however, it remains almost the same after b,
reaches and exceeds a certain value. This is due to the fact
that, for larger b, values transmit power is not limited by
energy harvesting and stored energy. Instead, it is limited by

the communication channel noise variance o2. Fig. 7 shows

w*
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Fig. 6: The average J-divergence versus b, for K =5, N = 3, Piot = 5mW, vy =
2, L =3, SNR; =3dB.
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Fig. 7: The average J-divergence versus SNR; dB for K = 5, N = 3, Pior =
5mW, by, =1mJ, vy =2, L =3.
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Fig. 8: P, versus Pyt for K =5, N=3, b, =1m], v,=2, L=3, SNR;=3dB.

that the average J-divergence increases in SNR;. This is due to
the fact that as SNR increases, Py, = Py, Vn in (4) decreases
(given a Py value). Decreasing Py leads into increasing the
average J-divergence, where Py and .J, ; are related through
(21) and (22). In both figures, average J-divergence achieved
by the sub-optimal policy is smaller than average J-divergence
achieved by the optimal policy, and larger than average .J-
divergence achieved by the random policy.

e P, corresponding to optimal and sub-optimal policies,
and P.-consumed transmit power trade-off: Fig. 8 shows

P, versus Py, To plot the curves we set transmit power a%,t

corresponding to the optimal and the sub-optimal policies, and
then we consider 10* independent Monte Carlo runs to find
P,, ie., we generate 10* realizations of random noises and
fading channels and count the errors, P, is the number of
errors occurred divided by 10%. Fig. 8 reveals two important
points: (i) “optimal policy MOE” and “optimal policy MMAE”
achieve the lowest P,, followed by “sub-optimal policy MOE”
and “sub-optimal policy MMAE”, followed by “random policy
MOE” and “random policy MMAE”, (ii) “sub-optimal policy”
performs very close to “optimal policy”. Note that for all
curves, P, decreases as Py, increases, however, it reaches
an error floor after P;,; exceeds a certain value. This is due
to the fact that for larger P,: values, P, is not limited by
Piot- Instead, it is limited by o2.

Fig. 8 also allows us to examine the existing trade-off
between the consumed transmit power and P,. Consider the
curve labeled “P.-consumed transmit power trade-off” in
Fig. 8, which shows how much transmit power is required
to provide a certain P, value. This curve is obtained from
examining the points on “olgtimal policy MOE” and checking
whether the constraint )", 04,211,5 < Pyot, Vt. is active or
inactive. At a given point, when this constraint is active
(inactive), the consumed transmit power is equal to (less than)
Piot. Note that as P;,; increases and P, reaches an error floor,
the consumed transmit power is less than Pyy;.

Since finding the sub-optimal policy has a much lower
computational complexity than that of the optimal policy, and
its performance is very close to the optimal policy, from this
point forward, we focus on the sub-optimal policy.

e Dependency of P. on different system parameters:
Fig. 9-12 plot P, corresponding to sub-optimal policy in terms
of different system parameters. Fig. 9 depicts P, versus K
as 4 and b, change. Given the pair (v,,b,), P. decreases
as K increases, until it reaches an error floor. The error floor
becomes smaller as (i) v, increases, given b, (ii) b, increases,
given ,. The presence of error floor is due to the fact that, for
larger K values P, is no longer restricted by K, and instead
it is restricted by o2, leading to an error floor.

Fig. 10 depicts P. versus N as fpTs and Py vary. We
observe that, given the pair (fpTs, Py), P. reduces when NV
increases, however, it reaches an error floor after cretin value
of N. This is due to the fact that for larger N values, P,
becomes limited by P, and (712”. Furthermore, we notice that
P, decreases when (i) given the pair (N, Py), fpTs increases;
(ii) given the pair (N, fpTs), Py increases.

Fig. 11 shows P, versus SNR; as L, N change. Examination
of this figure shows that P, reduces when (i) given the pair
(L, N), SNR; increases. This is because as SNR; increases,
P;, = Py, V¥n in (4) decreases, (ii) given the pair (SNR;, L),
N increases, (iii) given the pair (SNRg, N), L increases. This
is because as L increases the feedback information from the
FC to the sensors on channel gain increases.

Fig. 12 shows P, versus n as vy, varies. Given v4, P,
decreases in 7). This is due to the fact that, as 7 increases,
the sub-optimal ai’t values increases, leading to a decrease in
P..

We note that there is a performance-computational complex-
ity trade-off as 7 increases. Recall the mean of the network
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Fig. 10: P, vs. N for K = 10, Pior = 15mW, b, = 2mJ v, = 1.5, L = 4,
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Fig. 11: P, vs. SNR; for K =10, Pyor = 15mW, b, = 2m], v, =2.

lifetime T is E{T'}=1/(1—n). As 7 increases, the number of
iterations required for the value iteration algorithm (i.e., step
3 of Algorithm 2) to converge increases.

e Cannot a node consume all its stored energy?: Given
the constraint ZnN:1 afm < Piot, Vt the answer is no.
When one relaxes this constraint, the proposed optimal and
sub-optimal policies become the same and the outputs of
Algorithms 1 and 2 become identical. Let new optimal policy
denote the algorithm output when the constraint is relaxed,
and greedy-based policy be the policy in which sensor n in
time slot ¢ uses all its available energy for transmission, i.e.,

Qpnt = /bn by /Ts. Fig. 13 plots P, corresponding to new
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Fig. 12: P vs. n for K =10, N = 5, P¢ot =15mW, b,, =1, L=4,SNR; = 3dB.
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Fig. 13: P vs. K for N=10, L=4,b, =3mJ, v, = 2 SNR; =5dB.

optimal policy and greedy-based policy versus K. Clearly, new
optimal policy outperforms greedy-based policy.

o Effect of random deployment of sensors on P.: We
consider a circle field where the signal source with power P is
located at its center. Sensors are randomly deployed in the field
such that the distance of sensor n from the source, r,,, is uni-
formly distributed in the interval of (rg,71)=(1m, 100m). We
assume the quantization thresholds are obtained via MMAE.
Fig. 14 illustrates P, versus Py as v, and b, change. We
observe that P, decreases when: (i) given the pair (vg, by),
Py increases, (ii) given the pair (P, b,), 7, increases, (iii)
given the pair (Py, ,), b, increases. These observations are
all expected.

Fig. 15 illustrates P, versus N for fixed and random
deployment, as p and K vary. For the given set of parameters,
the performance of fixed and random deployments is close to
each other. Also, given the pair (p, K), P. reduces when N
increases, however, it reaches an error floor after NV exceeds a
certain value. This is due to the fact that for larger N values,
P, becomes limited by P;,; and o2, Furthermore, we notice
that P. decreases when (i) given the pair (N, K), p increases,
(i1) given the pair (N, p), K increases.

VI. CONCLUSIONS

Considering an EH-enabled WSN with NV sensors and a
feedback channel from the FC to the sensors, tasked with
binary distributed detection, we developed adaptive channel-
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Fig. 14: P, vs. Py for K =10, N =5, Pior = 15mW, L =4, (rg, r1) = (1m,100m).
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Fig. 15: Pe vs. N for Pioy = 15mW, by, = 4mJ, vy, = 1.5, L = 4 (i) for fixed
deployment SNR s = 5dB, Py = 0.9, (ii) for random deployment (r¢, 71) = (1m,100m),
Py =84dBW.

dependent transmit power control policies such that the detec-
tion performance is optimized, subject to total transmit power
constraint. Modeling the quantized fading channel, the energy
arrival, and the dynamics of the battery as homogeneous
FSMCs, and the network lifetime as a random variable with
geometric distribution, we formulated our power control opti-
mization problem as a discounted infinite-horizon constrained
MDP problem, where sensors’ transmit powers are functions
of the battery state, quantized CSI, and the arrived energy.
We developed the optimal policy, using dynamic programming
and utilizing the Lagrangian approach to transform the con-
strained MDP problem into an equivalent unconstrained MDP
problem. Determining the optimal policy, however, requires
the knowledge of the global state at the FC, which imposes
a significant signaling overhead to the sensors. To eliminate
this overhead, we developed the sub-optimal policy, using a
uniform Lagrangian multiplier to transform the constrained
MDP problem into /N unconstrained MDP problems. Different
from the optimal policy, in the sub-optimal policy each sensor
sets its transmit power based on its local state information. We
showed that the computational complexity of finding the sub-
optimal policy scales linearly in /N and this policy has a close-
to-optimal performance. We studied the error probability P,
in terms of different system parameters, including K, N, P;ot,
SNR;. Although P, decreases as each of these parameters
increases, there is an error floor that ultimately depends on the

communication channel noise variance and P;,;. We expanded
our work to random deployment of sensors and examined how
it affects the error probability. The insights obtained in this
work are useful for adaptive transmit power control of EH-
enabled WSNs tasked with distributed detection.
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