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Abstract—In this paper, we consider point-to-point dual energy
harvesting (EH) links, where both transmitter and receiver are
EH nodes (EHNs), with a retransmission protocol: either an
automatic repeat request (ARQ) or hybrid ARQ with chase-
combining (HARQ-CC). We develop a framework to analyze the
impact of various physical layer parameters, e.g., the energy
harvesting profiles, size of energy buffer, power management
policies, at both the transmitter and receiver, and the channel
statistics and coherence time, on the packet drop probability (PDP)
of dual EH links over block fading channels. We derive closed-
form expressions for the PDP of a retransmission index based
power management policy. The presented framework naturally
extends to obtain the PDP of mono EH links, i.e., links whose
only one node is the EHN. To obtain further insights, we
analyze the PDP of nodes with zero and infinite energy buffer
size, and characterize the energy unconstrained regime (EUR),
where the PDP is governed only by the average harvesting rate.
Through extensive Monte Carlo simulations, we demonstrate the
accuracy of the theoretical expressions, compare performance
against existing power management schemes, and illustrate the
performance tradeoffs involved.

Index Terms—Energy harvesting, ARQ, HARQ-CC, packet
drop probability, Markov chain.

I. INTRODUCTION

Many intended applications of energy harvesting (EH)
wireless sensor networks (WSNs) [2], such as surveillance,
structural monitoring, etc. require highly reliable links, in order
to collect timely and meaningful information [3]. Since an
EH node (EHN) garners energy from the environment, the
randomness in the EH process, along with the finiteness of the
energy storage buffers, pose novel challenges for the design of
reliable EH links. The retransmission protocols, coupled with
transmit power control, are a popular choice for enhancing the
reliability, and are already part of low power communication
standards such as IEEE 802.15.4 [4]. For retransmissions
with fixed size packets, the packet drop probability (PDP) is
used as a metric of reliability [5], [6]. In EH based WSN
applications involving distributed processing and data relaying,
it is important to analyze the PDP of dual EH links, i.e., the
links whose both transmitter and receiver are EHNs.

In this work, we consider an EH based monitoring applica-
tion, where periodic measurements are taken by a transmitting
EHN, and are useful only if they are delivered by a deadline
to a receiving EHN. Provided there is enough energy available
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at both the EHNs, a packet containing the measured data
can be transmitted at most K times. After each attempt, the
transmitter receives an acknowledgment (ACK) if the packet
is successfully delivered, or else it receives a negative ACK
(NACK). If the packet is not successfully delivered by the
deadline, it is dropped. The PDP is defined as the average
fraction of packets that are dropped.

The aim of this paper is to develop a general framework to
understand the impact of various physical layer parameters on
the PDP of dual EH links. For example, the PDP is a function
not only of the transmit power levels at which the different
attempts are made, but also of other parameters, namely, the
EH profiles, and sizes of the energy buffers at the EHNs, the
channel statistics and coherence time. The dependence of PDP
on these parameters is not clear, and its systematic study can
lead to insights about the joint impact of system parameters
on the PDP. The design of PDP optimal policies based on the
analytical expressions derived in this paper is considered in
our follow up work [7].

Considering an EH receiver makes it pertinent to study
the impact of data processing at the receiver. To this end,
in addition to the automatic-repeat-request (ARQ) protocol,
we also consider hybrid ARQ with chase combining (HARQ-
CC). In HARQ-CC, a NACK results in a retransmission, but
unlike the ARQ, the receiver in HARQ-CC attempts to decode
the packet by maximal ratio combining (MRC) all the copies
of the packet received in previous attempts. In conventional
communication systems, HARQ-CC offers an improvement in
the PDP over the ARQ protocol. However, the results obtained
in this paper show that the performance gain obtained for
systems with an EH receiver may be relatively insignificant,
when either the transmitter or receiver is highly energy-starved
(see Fig. 5). Our results analytically characterize the PDP of
both ARQ and HARQ-CC as a function of physical layer
parameters. In the next subsection, we present a brief summary
of related work.

A. Related Work

In recent years, the performance of point-to-point mono EH
wireless links, i.e., links with an EH transmitter and a conven-
tional receiver, herein referred to as mono-T links, has been
studied under various design objectives, e.g., information-
theoretic capacity [8]–[10], event loss probability [11], delay
[12], throughput [13]–[15], and PDP [16]–[18]. The through-
put of mono EH links where only the receiver is EHN, called
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as mono-R, is maximized in [19], [20]. An excellent overview
of recent results in the area can be found in [21].

Determining the fundamental performance limits (i.e., the
capacity) of dual EH links with finite energy buffers is still an
open problem. In [22], the authors maximize the throughput
of a dual EH link, and characterize the so-called maximum
departure region for a MAC. However, the analysis ignores
the effect of fading and the time varying nature of the wireless
channel, and does not consider the retransmissions. The delay
limited throughput of ARQ based dual EH link for fast fading
channels, and with a fixed-power policy is analyzed in [23].
However, the PDP of dual and mono-R links, as well as of
HARQ-CC based mono-T links has not been analyzed.

In [16], the authors analyze the PDP of ARQ based mono-T
EH links for both slow and fast fading channels, when a fixed
(constant) power is used for all attempts. The authors in [17]
generalized the analysis of [16], for policies where the transmit
power is an affine function of the attempt index. The PDP
expressions obtained in [16], [17] are recursive in nature. On
the other hand, the authors in [18] design PDP optimal policies
for ARQ-based mono-T EH links with infinite size battery.
This analysis does not require closed-form expressions for the
PDP. However, the PDP analysis of dual EH links requires
one to consider the interaction between the EH processes at
both nodes, which makes it fundamentally different from the
analysis of mono EH links in [16], [17].

Recently, there has been a growing interest in the policies
which mitigate the imperfections of the battery, such as
battery degradation [24] and lack of accurate state-of-charge
(SoC) information [25]–[27]. In [27], the authors show that
with sufficiently large battery, the optimal throughput can
be achieved with only 1-bit SoC knowledge, provided the
throughput is a linear function of the transmit power. In
[28], the authors present near-optimal policies, which operate
with only 1-bit SoC knowledge. Moreover, the knowledge of
the EH process can be used as a substitute for SoC infor-
mation [26]. These considerations have lead to the concept
of SoC-unaware policies which operate independent of SoC
information, e.g., fixed power policies [16], and generalized
linear power policies [17], [23]. However, the performance of
such policies has not been studied systematically and needs
to be benchmarked. In this work, we analyze the PDP of
retransmission index-based policies (RIPs), which provide an
attempt-based prescription of transmit power, and benchmark
it against the optimal policies.

B. Contributions

Our main contributions in this paper are as follows:
1) We present a rigorous analysis of the PDP of dual EH

links, for both ARQ and HARQ-CC. We obtain recursive,
exact expressions for the PDP by modeling the system
evolution as a discrete-time Markov chain (Sec. III).

2) Using the insight that the conditional PDP only depends
on the number of feasible attempts in a frame, and not
on the precise energy arrival and departure instants, we
derive closed-form expressions for the PDP of dual EH
links. We show that the number of feasible attempts

can be exactly determined when: (i) the batteries at the
transmitter and receiver are large enough to store the
energy required to support all the attempts in a frame,
and (ii) the energy used for each attempt exceeds the
energy harvested in a single slot. In these cases, the
closed-form PDP expressions are exact. In other cases, the
closed-form expression provides an upper bound on the
actual PDP. We demonstrate the accuracy of the closed-
form expressions in a wide range of scenarios through
simulations (Sec. IV).

3) We also analyze the PDP for the links with zero and
infinite batteries. In latter case, we characterize the so-
called energy unconstrained regime (EUR) of mono and
dual EH links (Sec. V).

4) We show that our framework extends naturally to obtain
the PDP of mono EH links (Sec. VI) and also to spatially
and temporally correlated EH processes (Sec. VII).

The PDP analysis presented in this paper generalizes that
in [16], [17] by considering the EH receiver, spatio-temporal
correlation of EH processes at both the EHNs, and the impact
of data processing at the receiver. Moreover, the framework
developed here is very general, and can be easily extended
to other retransmission based protocols such as HARQ with
incremental redundancy [29]. The obtained results provide
useful insights, e.g., the HARQ-CC improves the PDP (by
a factor of 10), compared to ARQ, provided the receiver
harvests sufficient energy to support the extra signal processing
required. In contrast, when either the transmitter or receiver
is highly energy-starved, the two protocols offer almost the
same performance. Also, the time-diversity available when
the channel is fast fading helps in improving the performance
in the scenarios when the harvesting rate is low. In contrast
to [16], [17], [23], we also derive closed-form expressions
that are exact over a wide range of system parameters. The
closed-form expressions, in turn, provide insights into the
performance tradeoffs and aid in designing efficient, and near-
optimal EH based communication systems.

II. SYSTEM MODEL

We consider an EHN which needs to deliver a data packet
once in a frame of Tm s. to a receiving EHN. Each transmis-
sion attempt takes Tp s., including the time the transmitting
EHN waits to receive the ACK or NACK. Thus, a frame
contains K , bTm/Tpc slots, which is also the maximum
number of possible attempts for a packet, where b·c denotes
the floor function. A packet is retransmitted until the transmit-
ting EHN receives an ACK, or the frame duration expires. If
an ACK is received, the EHNs do not attempt to communicate
and accumulate the harvested energy in a finite capacity but
otherwise perfectly efficient battery for the rest of the frame.
The ACK/NACK messages are assumed to be received without
error at the transmitter.

We analyze the packet drop performance with two different
retransmission protocols at the link layer: the basic ARQ and
the HARQ-CC. In the basic ARQ, for decoding, the receiver
uses the packet received in the current attempt only, and
discards all the erroneously received copies of the packet. In
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Fig. 1: The coordinated sleep-wake protocol for dual EH links. The (↓)
and (↑) arrows indicate that node is sending a control signal, i.e., a end-
communication or start-communication signal. Further, “A” and “S” represent
the time intervals during which both nodes are ‘awake’ and ‘sleep’, respec-
tively.

HARQ-CC, the receiver tries to decode the packet received in
the current attempt by maximal ratio combining it with all the
previously received copies of the same packet. For basic ARQ,
we say that the packet is received in outage, if the signal-to-
noise ratio (SNR), γ`, of the packet received in the `th attempt
is less than the minimum SNR, γ0, required for successful
decoding. For HARQ-CC, the packet remains in outage if the
accumulated SNR, γac,`, up to and including the SNR of the
packet received in `th attempt, is less than γ0. In addition,
for both schemes, the packet remains in outage if either the
transmitting or receiving EHN does not have sufficient energy
to communicate. A packet is dropped if it remains in outage
till the end of the frame, i.e., if the EHN fails to deliver it
successfully within the K transmission opportunities.

To ensure better rendezvous between the EHNs, and for
improved energy efficiency, we consider a coordinated sleep-
wake protocol [30] with the following control signals:

SC : Start-Communication,
EC : End-Communication.

As shown in Fig. 1, the transmitter or receiver sends the
end-communication signal if it does not have sufficient energy
to participate in communication. For a transmitter, the phrase
‘sufficient energy’ means having adequate energy to transmit
a packet and receive the ACK/NACK message, while for a
receiver it means having enough energy to receive and decode
a packet, and transmit the ACK/NACK message. If a node
receives the end-communication signal in a slot, it goes into
‘sleep’ mode, as successful communication is not possible.
In the sleep mode, a node incurs a very low (effectively zero)
energy cost, while it could continue to harvest energy. If a node
receives a start-communication signal while in sleep mode,
and if it has sufficient energy, it turns on and prepares itself to
participate in communication from the start of the next slot.
We assume that, for both nodes, the end-communication and
start-communication signals are received error free.1 Since,

1The EH-WISP-Mote and REACH-Mote employ a wake-up receiver with
an energy harvesting circuit. Node wakeup is feasible at a range of up to 37
ft [30], using wake-up transmitter devices such as an RFID reader [31] or a
powercast transmitter [32].
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Fig. 2: Communication time-line of the EHN, showing the random energy
harvesting moments and periodic data arrivals. The marker “X” denotes the
slots where the EHN does not communicate due to insufficient energy, and
LΨ1

denotes the power level of the last attempt, i.e., there are Ψ1 feasible
attempts in the frame.

under the coordinated sleep-wake protocol, an attempt is made
only if both nodes have sufficient energy, the coordinated
sleep-wake protocol completely avoids the energy wastage that
happens if one node tries to communicate when the other node
has run out of energy.

We model the EH process at both nodes as a station-
ary, independent and identically distributed (i.i.d.) Bernoulli
process, i.e., at the beginning of every slot, the transmitter
harvests energy Es with probability ρt, and with probability
1 − ρt, it does not harvest [16] [17] [33]. The harvesting
probability at the receiver is denoted by ρr. The Bernoulli
model, while simple, captures the sporadic and random nature
of the EH process and also simplifies the exposition of the
key ideas presented in this paper. However, as will be shown
later in the paper, the framework presented here can be
easily extended to more sophisticated models, such as the
stationary Markov model [33], [34] (see Section VII-A) and
the generalized Markov model [35], which are appropriate
models for solar harvested energy and piezoelectric energy
[35], [36], respectively.

We consider an RIP, where the transmitting EHN, in the
K attempts, transmits at predetermined power levels given as
P = {P1 , L1Es

Tp
, P2 , L2Es

Tp
, . . . , PK , LKEs

Tp
}, where

L` ∈ R+ is the amount of energy used and P` is transmit
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power level in the `th transmission attempt2 of a given packet.
Since the prescribed power levels are independent of the
instantaneous state-of-charge (SoC) of the battery, the RIPs
are suitable for use in scenarios where it is energy-expensive
or technologically challenging to accurately estimate the SoC
[37]–[39]. Moreover, as will be demonstrated in the sequel, a
well designed RIP can even outperform a policy obtained using
the Markov decision process (MDP) which uses quantized
SoC information (see Fig. 10). The details related to the
design of optimal RIPs along with theoretical guarantees on
the performance of optimal RIPs are provided in our follow
up work [7].

For the receive energy consumption, since the size as well
as the modulation and coding scheme for each packet is fixed,
i.e., the data rate remains fixed, we adopt a simple model
where the node consumes R units of energy to receive a packet
and send an ACK/NACK message [19], [23], [40], [41].

The RIPs conform to the energy neutrality constraint
through the battery evolution, at the transmitter, given by3

Btn+1 =


min(Btn + 1− L`1{L`≤Btn,R≤Brn,Un 6=−1}, B

t
max),

if energy is harvested in nth slot,
Btn − L`1{L`≤Btn,R≤Brn,Un 6=−1},

if no energy is harvested in nth slot,
(1)

where Btmax is the capacity of the battery at the transmitter, Btn
and Brn denote the battery level in the nth slot at the transmitter
and receiver, respectively, and Un ∈ {−1, 1 . . . ,K} denotes
the packet attempt index. Starting from Un = 1 at the
beginning of the frame, it is incremented by 1 after each
unsuccessful attempt, and set to −1 for the rest of the frame,
once an ACK is received. Thus, (1) is written using the
fact that, under the coordinated sleep-wake protocol, if the
transmitter has not yet received an ACK for the current packet,
the `th attempt is made in the nth slot if and only if Btn ≥ L`
and Brn ≥ R. At the receiver, the battery evolves in a similar
fashion, and the evolution is given by

Brn+1 =


min(Brn + 1−R1{L`≤Btn,R≤Brn,Un 6=−1}, B

r
max),

if energy is harvested in nth slot,
Brn −R1{L`≤Btn,R≤Brn,Un 6=−1},

if no energy is harvested in nth slot,

After an ACK is received, both nodes accumulate the harvested
energy for the rest of the frame. Fig. 2 illustrates the battery
evolution of the EHN with random energy injections.

We consider a block fading wireless channel between the
transmitter and receiver in both slow and fast fading cases.
The slow fading channel remains constant for the duration
of a frame, and changes in an i.i.d. fashion from one frame
to the next, while the fast fading channel stays constant for

2Note: we consider an attempt-based power prescription in this work, not
a slot-based prescription. Hence, P` is the power used in the `th attempt, not
the `th slot within a frame.

3Throughout the paper, the battery levels such as Bt
n, Br

n, Bt
max, Br

max,
are normalized with respect to Es. Further, for the foregoing Markov chain
formulation, we require that the power levels such as L` and R are integer
or fractional-valued.

a slot, and varies in an i.i.d. fashion from slot to slot. The
transmitter only has access to implicit CSI, obtained from the
ACK/NACK messages. In both cases, the channel is assumed
to be Rayleigh distributed, with the complex baseband channel
distributed as CN (0, σ2

c ). As described earlier, for the basic
ARQ protocol, a packet remains in outage in the `th attempt,
if γ` = P`|h`|2

N0
< γ0, where |h`|2 represents the channel

gain during the `th attempt and N0 denotes the power spectral
density of the additive white Gaussian noise at the receiver.
Hence, for the Rayleigh fading channel, the probability that
the `th attempt results in an outage is given as

pout,` , Pr[γ` < γ0] = 1− e−
γ0N0Tp

L`Esσ
2
c , (2)

In HARQ-CC, a packet received in a given attempt is decoded
by maximal ratio combining it with the copies of the packet
received in all previous attempts. Since MRC corresponds to
weighing each copy of the received packet with the complex
conjugate of the overall gain applied to the data symbols
(including the effect of the power level prescribed by the RIP),
the output SNR of MRC is simply the accumulated SNR of
the packets received so far. Hence, for HARQ-CC, in the `th

attempt, the packet remains in outage if the accumulated SNR,
γac,`, up to and including the SNR of the packet received in
the current round is less than γ0. As a result, for the EH link
with a chase combining receiver, the probability that the packet
remains in outage is written as

pout,1→` , Pr[γac,` < γ0], where γac,` =
∑̀
i=1

Pi|hi|2
N0

. (3)

Note that, pout,0 = 1 and pout,1→0 = 1.
A packet is dropped if all the attempts result in outage. For

ARQ, informally, the PDP is PD = Pr
[
∩`m`=1 (γ` < γ0)

]
, while

for HARQ-CC it is PD = Pr[γac,`m < γ0], where `m denotes
the index of the last attempt in the frame. The PDP depends
on `m, whose distribution is difficult to characterize, as it has
a complex dependence on the energy harvesting and channel
dynamics, the battery capacities at the transmitter and receiver,
etc. In the next section, using a Markov chain formulation, we
analyze the PDP of the above described system, which is the
main result of the paper.

III. PDP ANALYSIS OF DUAL EH LINKS

In this section, we analyze the PDP of dual EH links with
ARQ and HARQ-CC. Since the battery states at both nodes
evolve in a Markovian fashion, the system evolution within a
frame is modeled as a discrete time Markov chain (DTMC).
The state of the system consists of the battery states at the
EHNs and the packet attempt index. The PDP can be obtained
by averaging the PDP conditioned on the system state over its
stationary distribution. To this end, we derive the conditional
PDP and stationary distribution, for both ARQ and HARQ-
CC, and for both slow and fast fading channels. We proceed
by describing the formulation of the DTMC in the following.

As shown in Fig. 3, the state of this DTMC is represented
by a tuple (Btn, B

r
n, Un), where Btn and Brn are the battery

state at the transmitter and receiver, respectively, and Un ∈
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Fig. 3: DTMC for an RIP. The energy states are normalized with respect
to Es. Bt

m and Br
m denote the capacity of the battery at the transmitter

and receiver, respectively. In the above figure, only feasible transitions are
depicted. For example, (K, 0, 0)→ (K, 1, 1) and (1, 0, 0)→ (−1, 0, 0) are
not feasible transitions. The transition probabilities of this DTMC are given
in Appendix A.

{−1, 1, . . . ,K} represents the packet attempt index in the nth

slot, defined as

Un ,

{
−1 ACK received,
` `− 1 NACKs received, ` ∈ {1, . . . ,K}. (4)

A packet is dropped if and only if UK 6= −1, i.e., if the
transmitter does not receive an ACK by the end of the frame.

The state transition probability matrix (TPM) of the DTMC
is denoted by G. The elements of G represent the probability
of a transition from state (i1, j1, `1) to state (i2, j2, `2) in a
single slot, and are defined as

Gi2,j2,`2i1,j1,`1
, Pr

[
(Btn+1 = i2, B

r
n+1 = j2, Un+1 = `2)∣∣(Btn = i1, B

r
n = j1, Un = `1)

]
. (5)

The transition probabilities are determined by the RIP P ,
and the statistics of the channel and the EH processes at the
EHNs. In contrast to mono EH links [16], [17], the transition
probabilities of dual EH links need to account for the possible
correlation of the EH processes and the coupled evolution
of the batteries at the nodes. The transition probabilities are
provided in Appendix A.

Remark 1. The events that a node sends an start-
communication or end-communication signal are implicitly
accounted for in the transition probabilities. For example,
when i1 < L` (or j1 < R), the transition probabilities
do not include a pout,` term, thus accounting for an end-
communication signal sent by the transmitter (or receiver).

Now, for any given RIP P , the average packet drop proba-

bility is given by

PD(K) =
∑
i,j

π(i, j)PD(K|i, j, ` = 1). (6)

Thus, to compute the PDP, we average the conditional PDP,
PD(K|i, j, ` = 1), over the stationary distribution, π, of the
Markov chain, where π(i, j) denotes the stationary probability
that the transmitter and receiver have (iEs, jEs) energy at the
start of the frame. The conditional probability, PD(K|i, j, ` =
1), denotes the probability that the packet is dropped given
that the battery states of the transmitter and receiver at the
beginning of the frame are i and j, respectively, where (i, j) ∈
{(it, jr) | 0 ≤ it ≤ Btmax, 0 ≤ jr ≤ Brmax}, and conditioning
on the attempt index ` = 1 indicates the start of the frame.

To obtain the PDP using (6), we need to find the stationary
distribution, π, and the conditional PDP, PD(K|i, j, ` = 1).
Existence of the stationary distribution is ensured by the fact
that the number of states is finite, since both the EHNs have
finite capacity batteries, and therefore the DTMC is positive
recurrent. Next, we derive the stationary distribution for both
ARQ and HARQ-CC, with both slow and fast fading channels.

A. Derivation of the Stationary Distribution

The stationary probabilities, π(i, j), that the transmitter and
receiver have (iEs, jEs) units of energy at the start of the
frame is given by [42, Lemma 1]

π = (G′ − I +B)−1b (7)

where b = (1, . . . , 1)T ∈ R(Btmax+1)(Brmax+1),Bi,j = 1 ∀ i, j,
and G′ is the K-step TPM of battery states with its entries
Pr
[(
Bt(M+1)K = i2, B

r
(M+1)K = j2

)∣∣∣ (BtMK = i1, B
r
MK

= j1

)]
, where M denotes the frame index, for all

(i1, i2, j1, j2). We use the TPM, G, to compute GK .
The entries of GK are in turn used to compute the entries of
G′ as:∑
u∈{−1,1,...,K}

Pr
[(
Bt(M+1)K = i2, B

r
(M+1)K = j2, U(M+1)K = u

)
∣∣∣(BtMK = i1, B

r
MK = j1, UMK = 1

)]
. (8)

In next subsection, we derive the expressions for the con-
ditional PDP of dual EH links.

B. Exact Conditional PDP of Dual EH Links with ARQ

The key technical challenge in deriving the conditional PDP
of dual EH links is that for a given RIP P and battery states
(i, j) at the beginning of the frame, the conditional PDP,
PD(K|i, j, ` = 1), depends on the evolution of the battery
at the transmitter and receiver, which, in turn, depends on the
harvesting instances at both EHNs and their battery states. In
the following, we derive an exact expression for the condi-
tional PDP. For the clarity of exposition, the conditional PDP
is derived for mutually i.i.d. harvesting processes. However,
the result can be extended to incorporate both the spatial and
temporal correlation of the harvesting processes (see Sec. VII).
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Lemma 1. For ARQ-based dual EH links with i.i.d. Bernoulli
harvesting processes at the transmitter and receiver with
harvesting probabilities ρt and ρr, the conditional PDP,
PD (K|i, j, `), for all ` ≥ 1 and K ≥ 1, is given by the
recursive expression in (9)

Proof: When i ≥ L`, j ≥ R, both the transmitter
and receiver have sufficient energy to make `th transmission
attempt. Depending on the four mutually exclusive cases where
the transmitter, receiver, both, or neither harvest energy in the
first slot, we get the four terms in the expression for the case
i ≥ L`, j ≥ R, with PD (0|i, j, `) = 1 for all values of i, j
and `. Specifically, the first term denotes the probability that
the packet is dropped after K slots given that the `th attempt
is feasible and both transmitter and receiver harvest energy
in the first slot. It is written as a product of three terms: the
probability of outage in `th attempt, the probability that both
transmitter and receiver harvest energy in the first slot, and the
conditional PDP, PD (K − 1|i− L` + 1, j −R+ 1, `). The
conditional PDP, PD (K − 1|i− L` + 1, j −R+ 1, `), is the
probability that the packet is dropped after the remaining K−1
slots given that the batteries of the transmitter and receiver
have evolved to i−L` + 1 and j −R+ 1, respectively. Other
three terms in the sum are written similarly. Also, the cases
i < L` and j < R are handled by a similar reasoning, by
observing the fact that, in these cases, the packet cannot be
attempted in the first slot.

A similar expression for PD (K|i, j, `) of dual EH links
with HARQ-CC can be obtained, by replacing pout,` in (9) by
pout,1→` given by (3). This completes the characterization of
the exact conditional PDP and stationary distribution, which
can in turn be used to compute the PDP of dual EH links
using (6), (7) and (9). In the next subsection, we summarize
the procedure to compute the PDP.

C. Procedure to Compute the PDP

The procedure to compute the PDP is summarized in
Algorithm 1. We note that the algorithm provides an easy-
to-compute recipe for finding the exact PDP of dual EH links.

The PDP obtained using the conditional PDP in (9) is in
recursive form, which does not offer insights into the effect
of various system parameters on the PDP. In the next section,

Algorithm 1 Procedure to compute the PDP.

1. Compute G from (32) in Appendix A, and the K-step
TPM, GK .

2. Using the entries of GK , compute G′ in (7) using (8).
3. Calculate the stationary probabilities, π(i, j), using (7).
4. Calculate the conditional probabilities PD(K|i, j, ` = 1)

using (9).
5. Calculate the PDP PD(K) by substituting the results from

steps 3 and 4 in (6).

we derive closed-form expressions for the conditional PDP of
dual EH links.

IV. CLOSED FORM EXPRESSIONS FOR THE PDP OF DUAL
EH LINKS

As can be observed from (9), for a given initial state (i, j) of
the battery at the transmitter and receiver, the exact conditional
PDP PD(K|i, j, ` = 1) depends not only on the number of
slots but also on the slot index in which energy is harvested.
Due to this, it is required to keep track of the battery state to
compute the exact PDP, which, in turn, results in the recursive
expression in (9). However, the following key observations
allow us to obtain a closed-form expression which is exact in
a wide range of practical scenarios:

1) The conditional PDP depends only on the number of
feasible attempts in the frame, and not on the slot indices
when the attempts are made.

2) In general, for a given battery state tuple, (i, j), the
number of feasible attempts is determined by the exact
slot indices in which energy is harvested and depleted.
However, for a system with sufficiently large battery
at the EHNs (such that the energy overflow can be
neglected), the number of feasible attempts depends only
on the number of slots in which energy is harvested, and
not on the precise energy arrival and departure instants.
This observation is also valid for any RIP for which
L` ≥ 1 for all 1 ≤ ` ≤ K.

Using these observations, we can write the conditional
PDP as a function of the initial battery state tuple (i, j)
and the number of slots in which energy is harvested. Let

PD (K|i, j, `) =



pout,` [ρtρrPD (K − 1|i− L` + 1, j −R+ 1, `+ 1)

+ρt(1− ρr)PD (K − 1|i− L` + 1, j −R, `+ 1)

+(1− ρt)ρrPD (K − 1|i− L`, j −R+ 1, `+ 1)

+ (1− ρt)(1− ρr)PD (K − 1|i− L`, j −R, `+ 1)] , i ≥ L`, j ≥ R,
ρtρrPD (K − 1|i+ 1, j + 1, `)

+ρt(1− ρr)PD (K − 1|i+ 1, j, `)

+(1− ρt)ρrPD (K − 1|i, j + 1, `)

+(1− ρt)(1− ρr)PD (K − 1|i, j, `) , i < L` or j < R,

(9)

where pout,` is given by (2) and PD (0|i, j, `) = 1 for all values of i, j and `.
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pD(i, j,mt,mr) denote the PDP of dual EH links when the
transmitter and receiver have i and j units of energy at the
start of the frame and harvest mt and mr units of energy
during the frame, respectively. The following Lemma provides
a closed form expression for the conditional PDP of dual EH
links in terms of pD(i, j,mt,mr). We omit the proof as it is
straightforward.

Lemma 2. For dual EH links with mutually i.i.d. Bernoulli
harvesting processes at the transmitter and receiver with
harvesting probabilities ρt and ρr, the conditional PDP,
PD (K|i, j, ` = 1), can be written as

PD(K|i, j, ` = 1) =
K∑

mt=0

K∑
mr=0

(
K

mt

)(
K

mr

)
ρmtt ρmrr

(1− ρt)K−mt(1− ρr)K−mrpD(i, j,mt,mr),
(10)

In the above, the calculation of pD(i, j,mt,mr) depends on
the type of retransmission protocol and whether the channel is
slow or fast fading. In next subsection, we derive expressions
for pD(i, j,mt,mr) for ARQ-based dual EH links over both
slow and fast fading channels.

A. Dual EH Links with ARQ
First, we discuss the case of slow fading channels. For

slow fading channels, since the channel is constant over the
frame, if the packet remains in outage at a particular power
level, all future attempts of the packet at the same or lower
power level will also remain in outage. Hence, without loss
of generality, we can assume that P1 < P2 < · · · < PK . For
such policies, pD(i, j,mt,mr) depends on the power level of
the last feasible attempt (which, in turn, is determined by the
tuple (i, j,mt,mr)). This is stated in the next Lemma.

Lemma 3. For dual EH links with ARQ and slow fading
channels, pD(i, j,mt,mr) = pout,Ψ1

, where pout,Ψ1
is given by

(2), and for a given policy P such that P1 < P2 < · · · < PK ,
0 ≤ Ψ1 ≤ K denotes the number of feasible attempts for the
tuple (i, j,mt,mr).

Proof: Since P1 < P2 < · · · < PK , we write

pD(i, j,mt,mr) = Pr

{
Ψ1⋂
`=1

(
|h|2 < γ0N0

P`

)}
,

= Pr
{(
|h|2 < γ0N0

PΨ1

)}
= pout,Ψ1 . (11)

In the above Lemma, the outage probability depends on
Ψ1, the number of feasible transmission attempts (or LΨ1

) in
a frame. This, in turn, depends on the energy available in the
frame, which is a function of the battery states at the beginning
of the frame, (i, j), as well as on the number of slots in which
the energy is harvested and stored in the battery. In general, the
available energy depends on the order in which energy arrives
and is used. Let the total energy available at the transmitter and
receiver in a frame be denoted by Etavl and Eravl, respectively.
The following Lemma provides an expression for the number
of attempts, Ψ1, in terms of Etavl and Eravl.

Lemma 4. For a given policy P = {P1, P2, . . . , PK},
Ψ1 = min{κt, κr}, (12)

where κt , max{`|1 ≤ ` ≤ K,Etavl −
∑̀
k=1

PkTp ≥ 0}, (13)

κr , max{`|1 ≤ ` ≤ K,Eravl − `R ≥ 0}. (14)

Here, κt and κr denote the number of feasible attempts in the
current frame at the transmitter and receiver, respectively.

Proof: Equation (12) follows from the operation of the
coordinated sleep-wake protocol, while (13) and (14) follow
from the energy neutrality constraint.

Next, for a given initial battery level and amount of energy
harvested at the transmitter and receiver, we propose an
approximation for Etavl and Eravl. Due to the randomness in
the energy arrivals and uses, Etavl(i,mt) and Eravl(j,mr) are
random variables, taking values i ≤ Etavl(i,mt) ≤ i+mt and
j ≤ Eravl(j,mr) ≤ j +mr. We approximate the Etavl and Eravl
as min{i + mt, B

t
max} and min{j + mr, B

r
max}, respectively.

In general, this approximation provides a lower bound on Etavl
and Eravl, which can potentially result in underestimation of
number of feasible attempts, Ψ1. However, the next Lemma
asserts that, in a scenario when the size of the battery at
the EHNs is sufficient to store the energy needed to support
all K attempts in a frame, there is no error in the above
approximation. It also provides an exact expression for Etavl
and Eravl in a scenario when R ≥ 1 and L` ≥ 1 for all
1 ≤ ` ≤ K.

Lemma 5. In a given frame, let i and j be the initial battery
states, and mt and mr be the number of slots where energy
is harvested, at the transmitter and receiver, respectively.

i) Consider a power control policy such that
∑K
`=1 L` ≤

Btmax and KR ≤ Brmax. Then, the number of feasible
attempts, Ψ1, computed using the approximations Etavl ≈
min{i + mt, B

t
max} and Eravl ≈ min{j + mr, B

r
max} are

accurate.
ii) Also, consider a policy such that L` ≥ 1 for all 1 ≤ ` ≤

K and R ≥ 1. Then, Etavl = i+mt and Eravl = j +mr.

Proof: See Appendix B.
This completes the computation of the PDP in closed-form.

In the scenarios mentioned in the above Lemma, the computed
PDP is exact. However, when the hypotheses on the power
control policy in the above Lemma do not hold, the above
approximations are a lower bound on the available energy, Etavl
and Eravl, which results in an underestimation of the number of
feasible attempts. Hence, in general, the PDP computed using
these closed-form expressions serve as an upper bound on the
actual PDP.

We next turn to the case of fast fading channels, and provide
an expression for pD(i, j,mt,mr) in the next Lemma.

Lemma 6. For fast fading channels, pD(i, j,mt,mr) simpli-
fies as

pD(i, j,mt,mr) =

Ψ1∏
`=1

pout,`, (15)
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where Ψ1 is given by (12).

Proof: In the fast fading case, since the channel is i.i.d.
from slot to slot, pD(i, j,mt,mr) is the product of the outage
probabilities of all the individual attempts.

From Lemmas 3 and 6, it is evident that for a given
policy, slow fading channels result in a higher pD(i, j,mt,mr)
compared to fast fading channels. Hence, a given PDP can
be achieved at a significantly lower harvesting rate when
the channel is fast fading compared to the case when it is
slow fading (see Figs. 5 and 6). In Sec. V-D, for dual EH
links operating in the EUR, we provide an expression for the
performance gain of fast fading channels over slow fading
channels.

B. Dual EH Links with HARQ-CC

To obtain closed-form expressions for the PDP of dual
EH links with HARQ-CC, we use (10), which requires us to
determine pD(i, j,mt,mr). With HARQ-CC, pD(i, j,mt,mr)
is written as

pD(i, j,mt,mr) = Pr

[∑Ψ1

`=1 P`|h`|2
N0

< γ0

]
, (16)

where Ψ1 is given by (12). For slow fading channels,

pD(i, j,mt,mr) = Pr

[
|h|2 < γ0N0∑Ψ1

`=1 P`

]
,

= 1− e
− γ0N0

σ2
c
∑Ψ1
`=1

P` , (17)

where (17) is written using (3). For fast fading channels

pD(i, j,mt,mr) = Pr

[
Ψ1∑
`=1

L`|h`|2 <
γ0N0Tp
Es

]
. (18)

In the above equation,
∑Ψ1

`=1 L`|h`|2 is a sum of independent
and non-identically distributed exponential random variables.
The pD(i, j,mt,mr) can be written as [5]

pD(i, j,mt,mr) = 1−
MΨ1∑
s=1

τs∑
t=1

t−1∑
k=0

χs,t(LΨ1
)

k!

(
X

L{s}

)k
e
−
(

X
L{s}

)
, (19)

where X =
γ0N0Tp
Es

, LΨ1
= diag(L1

σ2
c
, L2

σ2
c
, . . . ,

LΨ1

σ2
c

), and MΨ1
,

1 ≤ MΨ1
≤ Ψ1 is the number of distinct nonzero elements

of LΨ1
. L{1}, L{2}, · · · , L{MΨ1

} denote the distinct nonzero
elements of LΨ1

, and τs denotes the multiplicity of L{s}. Note
that Ψ1 is a function of (i, j,mt,mr), given by (12). Here,

χs,t(LΨ1
) denotes the (s, t)th characteristic coefficient of LΨ1

such that

det(I + uLΨ1
)−1 =

1

(1 + uL{1})τ1 · · · (1 + uL{MΨ1
})
τMΨ1

,

=

MΨ1∑
s=1

τs∑
t=1

χs,t(LΨ1
)

(1 + uL{s})t
, (20)

where u is a scalar satisfying det(I + uLΨ1
) 6= 0. In the

general case, χs,t(LΨ1
) is given by (21) at the bottom of the

page, where ωs,t = τs− t. In the above, (19) simplifies in the
special cases of equal power and distinct power policies. The
simplified expressions, as well as details on the derivation of
the above result, are presented in [5].

Thus, the outage probability, pD(i, j,mt,mr), of HARQ-
CC depends on the number of realizable attempts, Ψ1, which,
in turn, depends on the EH profiles, the policy P , and the
energy required for decoding. We discuss the performance gain
of HARQ-CC over ARQ and provide further insights in the
next section.

Substituting the expressions for pD(i, j,mt,mr) derived
above into the conditional PDP PD(K|i, j, ` = 1) in (10), we
can now compute the PDP using (6) and (7). This completes
the PDP analysis of dual EH links for both ARQ and HARQ-
CC, with both slow and fast fading channels.

In some applications, such as body area networks, an EHN
may be a battery-less node [43], while in other applications
the battery can be very large (practically infinite). In the next
section, we show how our framework can be used to obtain
closed-form expressions for the PDP and discuss the insights
obtained from the analysis of these special cases.

V. SPECIAL CASES: ZERO AND INFINITE BATTERY

A. Dual EH Links with Battery-less EHNs

The PDP analysis of a node with zero energy buffer can
be obtained as a special case of the above analysis by setting
Btn = Brn = 0 for all n, and Es = PTp and R ≤ 1, as
for a battery-less node it is optimal to use all the harvested
energy immediately. Hence, the PDP for slow fading channels
is given by

PD(K) = 1−
(
1− (1− ρtρr)K

)
e
− γ0N0Tp

Esσ2
c , (22)

where (22) is written using (2). The PDP of EH links with
battery-less nodes in the other cases, i.e., ARQ with fast fading
channel and with HARQ-CC, can be obtained similarly, and
the corresponding expressions are provided in [44].

χs,t(LΨ1
) =

( −1

L{s}

)ωs,t ∑
k1+···+kMΨ1

=ωs,t
ks=0

kn∈{0,ωs,t} for n6=s


MΨ1∏
n=1
n6=s

(
τn + kn − 1

kn

) Lkn{n}(
1− L{n}

L{s}

)τn+kn


 , (21)
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B. Dual EH Links with Infinite Batteries: the Energy Uncon-
strained Regime

The PDP of dual EH links with infinite capacity batteries
at both the EHNs is determined by the statistics of the EH
process, the wireless channel, and the transmit and receive
power policies. Here, we characterize the conditions under
which the randomness in the EH process does not affect the
PDP of the system. We call it the energy unconstrained regime
(EUR). In the EUR, we can obtain simplified expressions for
the PDP.

A dual EH link with infinite energy buffers at the nodes
operates in the EUR if, at each node, the average energy har-
vested per frame is greater than the average energy consumed
per frame. When this happens, the battery state executes a
random walk with positive drift. As a consequence, over time,
the available energy grows unboundedly, and the node is able
to make all its transmission/reception attempts. Also, in this
case, the coordinated sleep-wake protocol is not necessary.

Under our EH model, the expected energy harvested per
frame at the transmitter and receiver are KρtEs and KρrEs,
respectively. Now, for slow fading channels, the average
energy consumed at the transmitter and receiver are given by

Ecavt =

K∑
`=1

pout,`−1L`Es, (23)

Ecavr =

K∑
`=1

1{L`>0}pout,`−1REs, (24)

respectively, where 1{L`>0} is an indicator variable which is
one when L` > 0, and equals zero otherwise; and pout,`−1 is
given by (2). Here, (23) is written using the fact that if the
packet is transmitted at energy level L` is not successful, it
is transmitted at power level L`+1 in the next attempt, and so
on. Hence, for slow fading channels, the EH link operates in
the EUR if

1

K

K∑
`=1

pout,`−1L` < ρt, (25)

R

K

K∑
`=1

1{L`>0}pout,`−1 < ρr. (26)

For the other cases, conditions under which the system oper-
ates in the EUR can be obtained similarly; but the expressions
are omitted due to lack of space. Next, we derive the PDP of
EH links with infinite buffers.

C. Packet Drop Probability in the Energy Unconstrained
Regime

As mentioned earlier, in the EUR, the battery states at the
transmitter and receiver have a net positive drift, and over
time, accumulate infinite energy. Hence, all K transmission
attempts are possible. Thus, in the EUR, the PDP of dual EH
links with infinite capacity batteries can be obtained by setting
Ψ1 = K in Lemma 3, (15), (17), and (19). Note that, in this
case, the PDP is equal to the conditional PDP.

Fig. 4 illustrates the EUR for ARQ-based links with a
slow fading channel. As can be seen from the figure, in
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Fig. 4: Illustration of the EUR in slow fading channels with ARQ. The average
energy consumed per frame is Ec

avt ≈ 0.83Es. The transmission policy used
is [0.5 1.5 2.5 3.5]. The parameters chosen are γ0 = 10 dB, Es = 15 dB,
and K = 4. The simulations are done for a slow fading channel and ρr = 1.

practice, an EH link with moderately sized energy buffers
(e.g., Btmax ≈ 12Ecavt or 10Es) can also operate in the EUR,
at almost the same values of harvesting probability as for
the infinite energy buffer case. Roughly, the probability that
batteries at both nodes are in a state (i, j) in which K attempts
can be made irrespective of the number of harvesting slots
mt and mr is close to unity. A rigorous analysis of the
achievability of the EUR for finite capacity batteries requires
the use of tools from random walks and martingales, and will
be presented in our follow up work. In the next subsection,
we discuss the insights obtained from the closed-form PDP
expression derived in Sec. IV, when the dual EH link is
operating in the EUR.

D. Discussion on the PDP of Dual EH Links in the EUR

In this subsection, we consider ARQ-based dual EH links
equipped with finite sized batteries, and we first compare the
performance under slow fading with that under fast fading.

For the battery states (i, j) where Ψ1 = K attempts are
realizable, using Lemmas 3 and 6, it can be deduced that
the pD(i, j,mt,mr) takes the values pout,K and

∏K
`=1 pout,`

for slow and fast fading channels, respectively. Hence, using
(6), the PDP of the slow and fast fading channels can be
approximated as pout,K and

∏K
`=1 pout,`, respectively. Thus, for

the dual EH links with the ARQ protocol, when the power
policy P allows the link to operate in the EUR, the difference
in the PDP of slow and fast fading channels is given by

∆PD = pout,K

(
1−

K−1∏
`=1

pout,`

)
.

For slow fading channels with ARQ, it is better to use a
policy that makes a single attempt with high power, while for
fast fading channels, using an equal power transmit policy
will result in a lower PDP. Using similar arguments, one
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can deduce that for dual EH links with HARQ-CC and slow
fading channels, the PDP of a policy P depends only on
the accumulated energy

∑K
`=1 L`, and not on the individual

attempt energy levels. One can obtain similar insights for dual
EH links with fast fading channels with HARQ-CC operating
in the EUR.

In the next section, we show that the framework presented
in Sec. III naturally extends to mono EH links, where one node
is an EHN while the other node is connected to the mains, or
is operating in the EUR. We also show that the PDP analysis
for mono-T links presented in [16], [17] is a special case of
our analysis.

VI. PDP ANALYSIS OF MONO EH LINKS

In this section, for both slow and fast fading channels, we
consider the PDP analysis of both mono-T and mono-R EH
links, with both ARQ and HARQ-CC protocols.

First, we consider the mono-T case. Similar to the analysis
of dual EH links, the evolution of the system within a frame
can be modeled as a DTMC whose state is represented by the
tuple (Btn, Un), where Btn and Un ∈ {−1, 1, . . . ,K} are as
defined in Sec. III. Hence, the PDP is given as

PD(K) =

Btmax∑
i=0

π(i)PD (K|i, ` = 1) , (27)

where π(i) denotes the stationary probability that the transmit-
ting EHN has iEs energy in the battery at the beginning of
the frame, and PD (K|i, ` = 1) denotes the conditional PDP.
In the above, the stationary probabilities can be obtained by
using (7). Here, the (i, j)th entry of the TPM G′ equals
Pr(B(M+1)K = j|BMK = i), i.e., it contains the K-step
transition probabilities of the battery state. These probabilities
can be calculated using the one-step TPM Gm, which can in
turn be obtained from the TPM for dual EH links defined in
(32), by setting Brmax =∞ and j1 = j2 =∞. The expression
for Gm is provided in Appendix C.

The conditional PDP, pD (K|i, ` = 1), is written as

PD (K|i, ` = 1) =
K∑

mt=0

(
K

mt

)
ρmtt (1− ρt)K−mtpD(i,mt).

(28)
The above equation is obtained using (10) with mr = K
and ρr = 1. In (28), pD(i,mt) denotes the PDP when the
transmitter has i units of energy at the beginning of the
frame and harvests energy in exactly mt slots. For both slow
and fast fading channels, the pD(i,mt) can be obtained from
pD(i, j,mt,mr) by setting j =∞, i.e., Ψ1 = κt given by (13).

The analysis for mono-T links with HARQ-CC, as well as
for mono-R links with ARQ and HARQ-CC can be obtained
in a similar fashion. The results are summarized in Table I.

The conditions for operating in the EUR can be obtained
using the results of dual EH links, by simply dropping the
constraint corresponding to the non-EH node. Similarly, the
expressions for the PDP of mono EH links with battery-less
EH nodes can be obtained by setting ρt = 1 or ρr = 1,
corresponding to the node that is connected to the mains.

TABLE I: Conditional PDP of mono EH links

Expression for conditional PDP of mono-T links
employing HARQ-CC

PD (K|i, ` = 1)
∑K
mt=0

(
K
mt

)
ρmtt (1− ρt)K−mtpD(i,mt)

pD(i,mt)
Obtained using (17) and (19) with

Ψ1 = κt.

Expression for conditional PDP of mono-R links
employing ARQ

PD (K|j, ` = 1)
∑K
mr=0

(
K
mr

)
ρmrr (1− ρr)K−mrpD(j,mr)

pD(i,mr)
Obtained using Lemma 3 and (15) with

Ψ1 = κr.

Expression for conditional PDP of mono-R links
employing HARQ-CC

PD (K|j, ` = 1)
∑K
mr=0

(
K
mr

)
ρmrr (1− ρr)K−mrpD(j,mr)

pD(j,mr)
Obtained using (17) and (19) with

Ψ1 = κr.

The results presented thus far correspond to the case where
the harvesting processes at the transmitter and receiver are
spatially and temporally independent. In the next section,
we briefly discuss the extension to the case where the EH
processes are correlated.

VII. EXTENSION TO SPATIALLY AND TEMPORALLY
CORRELATED EH PROCESSES

In the subsection below, we show the extension of the
PDP analysis to the case where the EH process is temporally
correlated, by modeling the process using a stationary Markov
model.

A. PDP Analysis with a Stationary Markov Energy Harvesting
Process

In this subsection, we model the temporal correlation
in the EH process using a first order stationary Markov
model, which is described by the set of harvesting energy
levels, E , {et1, . . . , etmax}, and the probabilities, pa,b =
Pr
[
Etn+1 = etb|Etn = eta

]
, that etb units of energy is harvested

in the (n+1)th slot, given that eta units of energy was harvested
in the nth slot, where both eta and etb ∈ E . The EH process at
the receiver is modeled similarly.

When the EH processes follow a stationary Markov model,
the system evolution over a frame depends not only on the
initial battery states at the transmitter and receiver, but also on
the initial state of the EH Markov chains. Hence, the evolution
of the system can be modeled as a DTMC with state denoted
by a tuple (Btn, B

r
n, E

t
n, E

r
n, Un). The PDP is given as

PD(K) =
∑

(i,j,eta,e
r
c)

π(i, j, eta, e
r
c)PD(K|i, j, eta, erc , ` = 1),

(29)
where π(i, j, eta, e

r
c) denotes the stationary probability that,

at the beginning of the frame, the state of the battery
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and EH process at the transmitter and receiver are (i, j)
and (eta, e

r
c), respectively, while PD(K|i, j, eta, erc , ` = 1)

denotes the PDP conditioned on the state at the begin-
ning of the frame. To obtain the stationary probabilities,
using (7), one needs to determine the transition probabilities,
Pr [(i2, j2, e

t
b, e

r
d) | (i1, j1, eta, erc)], which can be obtained as a

straightforward extension of the transition probabilities given
by (32) in Appendix A for the Bernoulli harvesting model. The
conditional PDP, PD(K|i, j, eta, erc , ` = 1), can be written as

PD(K|i, j, eta, erc , ` = 1) =

Ketmax∑
Et=0

Kermax∑
Er=0

p(Et, Er|eta, erc)

pD(i, j, Et, Er), (30)

where p(Et, Er|eta, erc) denotes the probability that, during
the frame, the transmitter and receiver harvest Et and Er
units of energy, respectively, given the harvested energy at
the beginning of the frame are eta and erc , respectively, and
pD(i, j, Et, Er) denotes the PDP when the transmitter and
receiver batteries have i and j units of energy, respectively,
at the beginning of the frame. The p(Et, Er|eta, erc) can
be calculated using the transition probabilities, pa,b, of the
stationary Markov model. To compute pD(i, j, Et, Er), we
use Etavl ≈ {i + Et, B

t
max} and Eravl ≈ {j + Er, B

r
max}

and calculate Ψ1 using Lemma 4. The obtained Ψ1 can be
used to compute pD(i, j, Et, Er) using the expression for
pD(i, j,mt,mr) provided in Sec. IV.

Next, we extend our PDP analysis to the case of spatially
correlated EH processes.

B. Extension to Spatially Correlated EH Processes

In case the independence between the EH process of the
transmitter and receiver does not hold, the joint distribution of
two correlated Bernoulli harvesting processes can be modeled
as

p(et, er) = p00(1− et)(1− er) + p01(1− et)er
+ p10et(1− er) + p11eter, (31)

where et, er ∈ {0, 1} are random variables taking nonzero
value if energy is harvested at the transmitter and receiver,
respectively, and p00, p01, p10, and p11 are probability values
that add up to 1. To obtain the exact conditional PDP and the
1-step TPM for spatially correlated EH processes, one needs
to modify (9) and (32) in Appendix A by replacing ρtρr by
p11, ρt(1− ρr) by p10 and so on. Also, the above correlated
harvesting model reduces to the independent harvesting case
when p00 = (1 − ρt)(1 − ρr), p11 = ρtρr, p10 = ρt(1 − ρr)
and p01 = (1− ρt)ρr.

Further, to obtain the closed-form expressions for the con-
ditional PDP when the harvesting processes at the transmitter
and receiver are spatially correlated, we modify (10) as

PD(K|i, j, ` = 1) =

K∑
mt=0

K∑
mr=0

p′(mt,mr)pD(i, j,mt,mr),

where

p′(mt,mr) =

ξ2∑
z=ξ1

(
K

z

)
(K − z)!

(mr − z)!(K −mt −mr + z)!

1

(mt − z)!
pz11p

(mt−z)
10 p

(mr−z)
01 p

(K−mt−mr+z)
00

denotes the probability that the transmitter and receiver harvest
energy in exactly mt and mr slots, respectively. Here, ξ1 =
max{0,mt +mr −K} and ξ2 = min{mt,mr}.

In the next section, we present simulation results to validate
the accuracy of the analytical expressions, and illustrate the
various cost-performance tradeoffs involved.

VIII. NUMERICAL RESULTS

A. Simulation Setup

We consider a system with slot duration Tp = 100 ms and
carrier frequency 950 MHz. The distance between transmitter
and receiver is d = 10d0, where d0 = 10 m is the reference
distance and the path loss exponent is η = 4. The additive
noise corresponds to a bandwidth of 5 MHz and T = 300 K.
For this system, Es = 5 dB corresponds to 100 µJ . To
simulate meaningful PDP values (10−2 to 10−4), for slow
fading channels we choose Es = 12 dB and γ0 = 10 dB, while
for fast fading channels we set Es = 5 dB and γ0 = 12 dB.
The channel from the transmitter to the receiver is assumed
to be i.i.d. Rayleigh block fading with block length equal to
the packet duration and frame duration for the fast and slow
fading cases, respectively. The PDP is computed by simulating
the transmission of 107 packets.

B. Results

1) Performance of Dual EH Links: Figures 5 and 6 present
the PDP as a function of ρt, in the slow and fast fading cases,
respectively. In both the cases, it can be observed that the
analytical expressions and simulation results match perfectly.
The PDP is dominated by the node which supports the least
number of attempts, which, in turn, is determined by the power
control policy and EH profiles of the transmitter and receiver.

It can be observed that, for larger values of ρr, i.e., for
ρr = 0.7 in Fig. 5 and ρr = 1 in Fig. 6, the PDP decreases
initially and then it remains unchanged with the increase in ρt
(e.g., ρt > 0.2 in Fig. 5). This happens because at lower values
of ρt, the packet drops are dominated by the energy outage
at the transmitter which gets mitigated as ρt increases. For
higher values of ρt and ρr, since both nodes harvest enough
energy to make all K attempts, packets are dropped only due
to the receiver noise or fading, and not due to lack of energy
availability. Moreover, in both Figs. 5 and 6, we observe that
for lower values of ρr (e.g., ρr = 0.4) and for large enough
ρt, the randomness of the EH process at the transmitter does
not affect the PDP. These regions can be considered to be
partial EUR, where only one node is able to operate in the
EUR. However, the harvesting probability at which an EHN
attains the EUR also depends on the power control policy and
the EH profile of the other EHN. For example, as shown in
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Fig. 5: Dual EH links with slow fading channels: validation of analyti-
cal expressions against simulation results. The transmission policy used is
[0.5 1.5 2.5 3.5]. The other parameters are Es = 12 dB, γ0 = 10 dB,
K = 4, R = 2 and Bt

max = Br
max = 20Es.
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Fig. 6: Dual EH links with fast fading channels: validation of analyti-
cal expressions against simulation results. The transmission policy used is
[0.5 1.5 2.5 3.5]. The other parameters are Es = 5 dB, γ0 = 12 dB,K = 4,
R = 2 and Bt

max = Br
max = 20Es.

both Figs. 5 and 6, the value of ρt at which the transmitter
achieves the partial EUR increases with the increase in ρr.

In Fig. 6, we can observe that, in contrast to the slow fading
case, we obtain lower PDP values in the EUR, due to the
time-diversity offered by the fast fading channels. Thus, the
time-diversity offered by fast fading channels can compensate
for lower harvested energy values.

For ρr = 0.7 and ρr = 1 in Figs. 5 and 6, respectively, the
HARQ-CC outperforms ARQ by approximately a factor of 2
and 10 in the slow and fast fading cases, respectively, in the
EUR. However, in both cases, for lower ρr, the HARQ-CC
does not offer as significant a gain as for ρr = 0.7 in Fig. 5,
and for ρr = 1 in Fig. 6. This is due to the fact that at lower
values of ρr, the receiver does not have sufficient energy to
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Fig. 7: Accuracy of analytical expressions for small battery regime. The
comparison is done for ARQ-based dual EH links over slow fading channels.
The size of the batteries at the transmitter and receiver is Bt

max = Br
max =

3.5Es. Other parameters chosen are K = 4, Es = 12 dB, γ0 = 1 dB, and
R = 2.

exploit the benefits of chase combining. Note that, Figs. 5
and 6 correspond to the scenario when the hypothesis (i) in
Lemma 5 is satisfied.

In Fig. 7, we consider a small battery regime to compare the
PDP computed using the closed-form analytical expressions
against the simulated PDP. We also plot the PDP computed
using recursive expression provided in Lemma 1. In this case,
we consider two policies: [1 1.25 1.5 2] and [0.5 0.75 1.5 2].
The policies represent two scenarios: in the first case, the
policy consumes more than Es energy in each slot, while, in
the latter case, the size of the battery at both transmitter and
receiver is not sufficient to store the total energy required by
the policy to make all K attempts during a frame. Therefore,
in the first case, the hypothesis (ii) of Lemma 5 is satisfied,
while in the latter case neither of the two hypotheses in
Lemma 5 is satisfied. In both these cases, we observe that
the simulated results closely match the closed-form analytical
expression. For the policy [0.5 0.75 1.5 2], the near-exact
match between closed-form PDP and simulated PDP is due
to the small impact of the approximation error, as the number
of feasible attempts are determined by the energy availability
at the receiver in this case. Specifically, for ρt = 1, the actual
number of feasible attempts for the transmitter and receiver are
four and three, respectively, while using the approximation in
Lemma 5, the estimated number of attempts are three for both
the EHNs. However, since the number of feasible attempts
under coordinated sleep-wake protocol are determined by the
node which can support fewer attempts among the two EHNs,
the approximation error does not impact the accuracy of the
closed-form PDP.

2) Special Cases: Mono and Zero Energy Buffer EH Links:
The results in Fig. 8 demonstrate the PDP of mono-R links.
As can be observed from Fig. 8, the value of ρr at which the
receiver attains EUR increases with R, because of the higher
average energy consumption. Fig. 9 contains the results for
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Fig. 9: Dual EH links with zero energy buffer nodes: validation of analytical
expressions against simulations. The other parameters are Es = 12 dB, γ0 =
10 dB, K = 4, and a slow fading channel.

dual EH links with zero energy buffers. Again, the analytical
expressions and simulation results match perfectly. Also, the
results in Figs. 8 and 9 again highlight the fact that the use of
HARQ-CC results in better performance. For Dual EH links,
even without an energy buffer, at higher values of ρr, the use
of HARQ-CC results in performance improvement over ARQ
approximately, by a factor of 2. However, for mono-R links,
the gains occur only after the receiver harvests enough energy
to enter the EUR.

3) Comparison of RIPs with SoC aware Optimal Policies:
In Fig. 10, we compare the performance of a judiciously
chosen RIP with the optimal SoC-aware policy, for mono-
T EH links. The optimal SoC-aware policy is designed using
the MDP [17]. The performance is compared for both slow
and fast fading channels with different number of quantization
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Fig. 10: Performance comparison of RIPs for ARQ based mono-T links:
performance of RIPs compared with the optimal policies designed using an
MDP and has access to quantized SoC information [17]. For ρt ≥ 0.7, the
RIP outperforms the MDP based policy. Number of transmissions and energy
buffer size are K = 4 and Bt

max = 40Es, respectively. Also, the maximum
energy used per attempt Lmax = 2Es, Es = 5 dB and target SNR γ0 = 12
dB for the fast fading channel, and Lmax = 4Es, Es = 12 dB and target
SNR γ0 = 10 dB for the slow fading channel.

levels for the channel. As seen in Fig. 10, a judiciously
chosen RIP outperforms the MDP based policies. While the
MDP approach should provide the optimal policy in theory,
practically computing the optimal policy is difficult as one
needs to quantize the channel and battery for the MDP
formulation to be applicable, and a fine quantization makes it
numerically difficult to evaluate the optimal policy. Hence, in
practice, we see that a well-designed RIP can even outperform
the SoC-aware MDP based policy.

IX. CONCLUSIONS

In this paper, we presented a general framework to analyze
the PDP of dual EH links with retransmissions. We considered
SoC-unaware policies, and slow and fast fading channels.We
obtained closed form expressions for the PDP with both
ARQ and HARQ-CC, by modeling the system evolution as
a discrete-time Markov chain. We extended the analysis to
handle correlated harvesting processes at the transmitter and
receiver. The PDP expressions for mono EH links are obtained
as a special case of the analysis of dual EH links. Our
analysis is useful in quantifying the impact of various system
parameters such as the energy harvesting profiles, and energy
buffer sizes of both transmitter and receiver, channel coherence
time, transmit and receive power control policies etc., on the
PDP. We also characterized the energy unconstrained regime of
dual EH links and obtained simplified expressions for the PDP
in the special cases of zero and infinite size energy buffers. Our
future work uses the closed form expressions derived in this
paper to find optimal RIPs for dual as well as mono EH links.
Further extensions of this work could be to consider leveraging
the temporal correlation of the fading channel based on the
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implicit channel state feedback available through ACK/NACK
messages.

APPENDIX

A. Transition Probability Matrix, G, for dual EH links

The probability of transition from state (i1, j1, `1) to
(i2, j2, `2) is Gi2,j2,`2i1,j1,`1

= Pr
(
Btn+1 = i2, B

r
n+1 = j2, Un+1 =

`2

∣∣∣Btn = i1, B
r
n = j1, Un = `1

)
, where i1, i2, j1, j2 ∈

{0, 1, . . . ,∞}, and `1, `2 ∈ {−1, 1, . . . ,K}. For `1 ∈
{1, . . . ,K}, i1 ≥ L`1 and j1 ≥ R, the Gi2,j2,`2i1,j1,`1

is written
as given in (32).

In (32), Pr[γn < γ0] for both slow and fast fading channels
and ARQ is given by (2), while for HARQ-CC with slow and
fast fading channels it is obtained using Ψ1 = n in (17) and
(19), respectively. The terms in the above transition probability
expression are obtained by considering the events that need
to occur for the particular transition to happen. For example,
the transition in the first case happens if both transmitter and
receiver harvest the energy in the current slot, and a decoding
failure occurs in the current attempt. Note that, in (32), for
simplicity, the transition probabilities are written for infinite
buffer size at both transmitter and receiver. However, as shown
in Appendix C for the mono EH case, the expression can
be easily modified for the finite capacity battery case. The
transition probabilities for the other cases, e.g., i1 ≤ L`1 and
j1 ≥ R, are obtained similarly, and details are provided in [44].

B. Proof of Lemma 4

During a frame, the transmitter has at most i+mt units of
energy for its use. If i+mt ≤ Btmax, then Etavl = i+mt, while
if i+mt > Btmax, then Etavl ≤ i+mt, i.e., the EHN may not be
able to use the entire energy, i+mt, depending on the order in
which energy arrivals and departures occur. Furthermore, for
the case when i+mt > Btmax, Etavl = Btmax +ξ where 0 ≤ ξ ≤
K is a random variable which is equal to the number of slots
where energy is harvested and Btn < Btmax. For i+mt > Btmax,
we approximate the available energy as Etavl ≈ Btmax, and
ignore ξ. For policies such that

∑K
`=1 L` ≤ Btmax, ignoring

ξ for i + mt > Btmax will also result in K feasible attempts.
Using a similar argument, we can approximate Eravl. Hence,
when

∑K
`=1 L` ≤ Btmax and KR ≤ Brmax, the available energy

can be well approximated as Etavl ≈ min{i + mt, B
t
max} and

Eravl ≈ min{j +mr, B
r
max}.

The proof of statement (ii) in the Lemma follows from the
observation that a node that employs a policy that uses more
than one unit of energy in each attempt (i.e., L` ≥ 1 for all
1 ≤ ` ≤ K) always has the space to accommodate one unit of
energy. Hence, if the transmitter harvests energy in mt slots
and has i units of energy in the battery at the beginning of
the frame, then the total available energy at the transmitter is
given by Etavl = i+mt. Similarly, Eravl = j+mr when R ≥ 1.

C. Transition Probability Matrix Gm for mono EH links

For mono-T EH links, the probability of transition from
state (i, `1) to (j, `2) is Gj,`2(m)i,`1

= Pr(Bn = j, Un+1 =

`2|Bn = i, Un = `1), where i, j ∈ {0, 1, . . . , Btmax} and
`1, `2 ∈ {−1, 1, . . . ,K}. For `1 ∈ {1, . . . ,K} and i ≥ L`1

Gj,`2(m)i,`1
=



ρtPr [γn < γ0] , j = min {i− L`1 + 1,

Btmax} , `2 = `1 + 1,

ρtPr [γn ≥ γ0] , j = min{i− L`1 + 1,

Btmax}, `2 = −1,

(1− ρt)Pr [γn < γ0] , j = i− L`1 , `2 = `1 + 1,

(1− ρt)Pr [γn > γ0] , j = i− L`1 , `2 = −1,

0, otherwise.

In the above, Pr[γn < γ0] for ARQ is written using (2),
while for HARQ-CC with slow and fast fading channels, it can
be computed using (17) and (19), respectively, with Ψ1 = n.
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