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Abstract—The quest for finding a small-sized energy supply
to run the small-scale wireless gadgets, with almost an infinite
lifetime, has intrigued humankind since past several decades. In
this context, the concept of Quantum batteries has come into
limelight more recently to serve the purpose. However, the main
issue revolving around the closed-system design of Quantum
batteries is to ensure a loss-less environment, which is extremely
difficult to realize in practice. In this paper, we present the
modeling and optimization aspects of a Radio-Frequency (RF)
Energy Harvesting (EH) assisted Quantum battery, wherein sev-
eral EH modules (in the form of micro- or nano- sized integrated
circuits (ICs)) help each of the involved Quantum sources achieve
the so-called quasi-stable state. Specifically, a micro-controller
manages the overall harvested energy from the RF-EH ICs and
a photon emitting device, such that the emitted photons are
absorbed by the electrons in the Quantum sources. In order
to precisely model and optimize the considered framework, we
formulate a transmit power minimization problem for an RF-
based wireless system to optimize the number of RF-EH ICs
under the given EH constraints at the Quantum battery-enabled
wireless device. We obtain an analytical solution to the above-
mentioned problem using a rational approach, while additionally
seeking another solution obtained via a non-linear program
solver. The effectiveness of the proposed technique is reported
in the form of numerical results by taking a range of system
parameters into account.

Index Terms—Quantum battery, RF-Energy Harvesting,
transmit power optimization.

I. INTRODUCTION

The technological advancements in the field of Wireless
Communications continue to amaze the mankind in several
ways. In this direction, the journey from the binary informa-
tion bits to the Quantum bits (Qubits) seems to be approaching
its destination faster than expected [1]. With the exiting
methodologies inching closer to the Quantum-based tech-
niques day-by-day, it becomes essential to seek the possibility
of establishing a technically synergistic relationship between
the Quantum theories and Wireless Communications-based
techniques [2], [3]. However, a major hurdle in this progress
is our dependence on the energy sources, which are as strong
as on the gadgets themselves [4]–[6].

In order to address these challenges, the idea of Quantum
batteries has been put forward by various researchers [7]–
[10]. In this vein, a recently proposed idea of a nano-meter
sized Quantum battery shows great promise [11]. Similar
to the phenomenon of Luminescence, a nano-meter sized
Quantum battery composed of nanostructured solid-state of
matter works on the principle that electrons can absorb
photons and stay in the energized state for possibly an infinite
time-period. However, this possibility is theoretically feasible

within a loss-less closed-system, often leading to a quasi-
stable state. It is noteworthy that this phenomenon remains the
backbone of several closed-system type of Quantum batteries
[12]. Ensuring this condition is difficult in practice, but a
mechanism could be sought wherein an radio-frequency (RF)-
based wireless energy harvesting (EH) method is utilized.

An early EH concept of getting energy from/through the
air to power all equipment, was proposed by Nikola Tesla
in the late 1890s to early 1900s [13], [14]. Ever since
then, this concept has found its applications in several fields
of research including vehicles [15], wireless gadgets [16],
flying objects [17], etc. More recently, Varshney discussed
about the possibility of using RF based simultaneous wireless
information and energy transmission (SWIPT) [18], which
involves the traditional information receiver unit, along with
an EH module. In this context, several receiver architectures
for SWIPT have been proposed in the literature based on time-
switching (TS), power-spliting (PS), or separated architecture
(SA) [19]. The RF-based EH module is comprised by the
concatenation of an RF-antenna, matching circuit, rectifier
circuit and a polarized capacitor, thereby making it a passive
device [20]. The EH module usually suffers due to the satu-
ration effect at the involved diode element. Correspondingly,
the non-linear nature of EH operation is observed due to the
saturation effect. However, this effect may be rectified by
placing several EH circuits in parallel, yielding a sufficiently
large linear conversion region in practice [21], [22]. The RF-
EH mechanism is also considered as an upcoming frontier in
establishing green wireless communication systems [23].

There are several works which have investigated the EH
possibilities at a device via ambient sources, such as thermal,
solar, mechanical, etc., to assist the Quantum batteries [24].
However, the consideration of Quantum batteries with RF-
EH mechanism is still an unexplored and open area of
research. In the current scenario, realizing a system which
incorporates a Quantum battery and EH modules is difficult,
primarily due to the large size of the EH module. Moreover
in the future, the authors envision that the size of the EH
modules may be shrunk tremendously into micro- to nano-
meter sized integrated circuits (ICs), which may be utilized
to assist Quantum batteries in some way. The Quantum
batteries requires assistance from the external sources so as to
compensate for the losses that may be incurred due to internal
operations, while maintaining their stability. Consequently, the
consideration of novel concept aiming at the modeling and
optimization of a design with a set of RF-EH ICs placed in
parallel to assist a Quantum battery seems promising.
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Fig. 1: The phenomenon of absorption of photons by electrons in
nanostructured solid state of matter within a closed-system, where
they may theoretically stay in this condition for nearly infinite time.

In this paper, we present a novel framework with the consid-
eration of several RF-EH ICs assisting an end-user equipped
with a Quantum battery. A number of RF-EH ICs collect
energy from RF signals transmitted from the transmitter. The
collected energy from all the RF-EH ICs is then managed
by a micro-controller, which consequently operates a photon
emitting device. The photon emitting device is responsible for
the transfer of energy from the photon to an electron within
the Quantum sources present within the Quantum battery.
In this context, we formulate the optimization problem to
minimize the overall transmitted power, subject to limitations
on the overall harvested energy at the end-user node, and the
number of RF-EH ICs. We investigate the problem in two
ways. First, we analyze the problem using theoretical rigour to
obtain the closed form solutions for the intended parameters.
Second, we directly solve the (main) formulated non-convex
problem using an optimization solver. Specifically, the main
contributions and novelty of this work are summarized below.

(a) We present a novel design of a receiver device equipped
with RF-EH ICs assisted Quantum battery. In the pro-
posed design, a Quantum battery is present at the core
of the end-user device and is assisted via set of RF-EH
ICs.

(b) To model and optimize the above-mentioned novel
scheme, we formulate an optimization problem to mini-
mize the overall transmitted power, while ensuring that
the energy requirements at the end-users are successfully
met. This process is performed in conjugation with the
estimation of the number of RF-EH ICs, in order to meet
the requirements of the system design.

(c) We present optimal solutions to the above-mentioned

Fig. 2: Depiction of the proposed RF-EH IC comprising a micro-
or nano- sized passive RF-EH circuit. Ideally, an RF-antenna traps
the ambient (or specific band(s)) of RF-signal and converts it to
equivalent DC-type of output.

problem. We first find closed-form solutions using theo-
retical analysis and then validate the results by directly
solving the main problem via a non-convex optimization
solver.

(d) We show the effectiveness of the proposed methods for
design and optimization of the considered framework,
under several operating parameter values and conditions.
The presented results motivate towards the practical
application of the proposed futuristic design.

Further sections of this paper are organized as follows.
Section II provides an introduction to the system model. The
proposed RF-EH-assisted Quantum Battery System design
and the problem of transmit power minimization are both
presented in Section III. Numerical results are shown in
Section IV, followed by concluding remarks in Section V.

II. SYSTEM MODEL

In this section, we discuss the operation of RF-EH ICs
assisted Quantum batteries along with its possible future
prototype. To proceed, we discuss some key aspects involved
in the system design, to provide motivation for our proposed
framework. A variety of Quantum battery concepts have been
proposed in the literature [7]–[10], while considering the
possibilities of closed- and open-system designs. Evidently,
there are a wide range of challenges in the open-system
designs of the Quantum batteries [12]. Therefore, we consider
the closed-system design for our analysis.

Pertaining the closed-system design, the concept of Quan-
tum batteries broadly works on the principle that an electron
absorbs a photon to reach to an excited state using its energy,
and may remain in the same condition for almost an infinite
time. This phenomenon finds its application in the conceptual
nano-meter sized Quantum batteries [11], which are capable
of holding the electric charge for an infinite time-period. An
illustration of this mechanism is projected as in Fig. 1. The
process is similar to the Luminescence effect, when certain
objects, e.g., dials of watches, plastic figures, etc., absorb
photons and glow in the dark for a very long time.
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Fig. 3: Schematic of the proposed RF-EH ICs assisted Quantum battery.

The above-mentioned process may seem sound from a
theoretical view-point. However, its realization in practice is
very difficult due to the presence of a variety of impacting
parameters, such as environment, heat losses, component
functioning losses, etc. In this regard, ensuring a completely
loss-less environment is cumbersome and almost impractical,
given the current state of technology. Correspondingly, there
have been several designs of Quantum batteries leveraging
from the harvested energy via ambient sources, such as solar,
thermal, mechanical, etc., [24].

Another potential technique for harvesting energy from the
RF-based signals has been developed recently to cater to the
energy needs of the wireless devices. A basic EH module
is comprised of passive elements-based matching circuit,
rectifier circuit and a charge holding capacitor element. The
EH receivers are available in the form of general device-sized
modules. Similar to the evolution of RF-based information
receivers, we assume that the EH circuits will be miniaturized
in future, and can be made available in the form of RF-EH
ICs, as shown in Fig. 2.

In this direction, we consider that a wireless RF-transmitter
emits the signal x(t) intended for the RF-EH IC(s) via
a single antenna. The corresponding EH signal waveforms
may be designed according to the frameworks proposed in
[25]. Noticeably, there is an availability of a wide range of
suggestions on the consideration of waveform designs for EH
applications in the literature. Thus, it is difficult to reach to
a mutual consensus in terms of efficient waveform schemes,
since their effectiveness is largely dependent on the type of
EH circuit used. Therefore, we assume a generalized zero
mean and unit variance signal in this paper for ensuring a
theoretical tractability.

The overall transmit power is considered as PT . The Quan-
tum battery equipped end-user receives the signal: y(t) =
h(t) ∗ x(t) + nR(t), where h(t) is the complex channel gain

coefficient for the wireless channel and nR(t) is the additive
zero mean Gaussian noise at the corresponding end-user’s
receiving antenna equipment with a noise variance of σ2

R.
Therefore, the linear EH operation at the RF-EH IC unit
of the receiver is given as: EL = ζi

(
PT |h|2 + σ2

R

)
, where

0 < ζi ≤ 1 is the energy conversion efficiency of the cor-
responding receiver. Noticeably, EL is theoretically valid for
numerical evaluations, however, its practical implementation
is questionable. This calls for the adoption of a sigmoidal
function based non-linear EH model [26]–[28], defined as

EN =
E ′

1− φ
·

(
1

1 + e(−αPT |h|2+αβ)
− φ

)
, (1)

where φ ∆
= 1

1+exp(αβ) , the constant E ′ is obtained by deter-
mining the maximum harvested energy on the saturation of
the EH circuit, and α and β are specific to the capacitor and
diode turn-on voltage metrics at the EH circuit. Further, we
assume normalized time slots to use the terms power and
energy interchangeably.

III. PROPOSED DESIGN OF RF-EH-ASSISTED QUANTUM
BATTERY SYSTEM

Based on the aforementioned concepts, we now present the
proposed novel design of RF-EH ICs assisted Quantum bat-
tery. The basic system schematic of the proposed framework
is shown in Fig. 3, which consists of the Quantum battery at
the core of the receive unit. In order to compensate for the
losses that may have incurred during the device operation,
the device reports to the nearest transmit source, which can
be through regular RF-based wireless communications method
or via Quantum-based wireless communications systems using
entanglement of Qubits [2], [3]. The transmitter then emits an
RF-signal for transferring energy to the multiple RF-EH ICs
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present all around the receiver.1 We assume the availability
of n number of RF-EH ICs, with a maximum cap of N . The
selection of N is naturally decided according to the design
requirements, e.g., the size of the device.

The received signal at the RF-EH ICs is converted into elec-
trical energy using the internal passive circuit, while a micro-
controller is responsible for the management of the overall
harvested energy. In order to facilitate an energy exchange
process to the Quantum battery core, a very low intensity
photon-emitting device (e.g., light emitting diode (LED)) is
attached to the micro-controller, which is responsible for its
operation as well. Let us consider that ξ = η+κ is the overall
harvested energy demand at the end-user. Correspondingly,
‘η’ accounts for the harvested energy demand to enable the
photon emission. Whereas ‘κ’ is the additional harvested
energy demand required for other consumption metrics, such
as operation of micro-controller, compensation for losses, and
maintaining suitable temperature within the closed-system.

To proceed, we intend to model and optimize the involved
metrics and parameters in the considered framework. Specif-
ically, we develop the formulation to minimize the overall
transmitted power under limitations on the minimum har-
vested energy and the number of RF-EH ICs. The succeeding
section provides more insight on the considered problem and
the obtained (proposed) solutions.

A. Problem Formulation and Proposed Solution

Herein, we formulate the optimization problem to minimize
the total transmit power, subject to the constraints on the
harvested energy by RF-EH ICs, and the number of (non-
linear) EH ICs. The corresponding optimization problem can
subsequently be written in its mathematical form as follows

(P1) : min
n,PT

PT (2)

s.t. (C1) : nEN ≥ ξ, (3)
(C2) : n ≤ N. (4)

It is clear that (P1) is a non-convex problem, primarily
due to the joint optimization of n and PT in (3). However,
an analytical solution based on graphical/direct-evaluation
method is possible. In this regard, we first observe that the
objective in (P1) is independent of n. Next, we find that EN is
an increasing function of PT , while the presence of n indicates
that the constraint may be satisfied by either increasing its
value or the value of PT . More specifically, keeping the value
of n = N would ensure an optimized solution of PT , implying
that the equality in (4) must hold. Therefore, by leveraging
from one solution, i.e., n = N , we reach to the following
(reduced) problem.

(P2) : min
PT

PT (5)

s.t. (C1) : NEN ≥ ξ. (6)

We now have a convex problem in the form of (P2), which
can either yield a closed-form solution or may be solved via

1The assumption of multiple RF-EH ICs is due to the saturation effect of
the diode, which prohibits a single unit of RF-EH IC from harvesting energy
beyond a certain limit.

well known convex optimization techniques [29]. In order to
obtain a closed-form solution for PT , we observe that the
optimum solution is obtained when the equality in (6) holds.
This is based on the fact that minimal transmit power will be
utilized for sufficing the harvested energy demand at the end-
user, while taking into consideration that all the N RF-EH
ICs are active. Hence, we reach to the following solution of
PT , based on the above-mentioned analysis.2

PT =
1

α|h|2

(
αβ − ln

(NE ′ − ξ(1− φ)−NφE ′
ξ(1− φ) +NφE ′

))
. (7)

We note that N plays a crucial role in the system design. An
intuitive interpretation from the solution provided in (7) would
be that the higher the number of RF-EH ICs in the device,
the lower will be the transmitted power. As discussed before,
the micro-controller can then manage the harvested energy to
cater to the various needs to maintain the stability of Quantum
battery. In the subsequent section, we present some simulation
results to test the effectiveness of the proposed design in terms
of the obtained solutions.

IV. SIMULATION RESULTS

In this section, we present the numerical results to evalu-
ate the performance of the proposed system. The proposed
solutions are analyzed using the MATLAB R2019b, with
optimization performed via fmincon(·) solver present in the
optimization toolbox [30], where the solutions are obtained
with the help of interior point algorithm [29]. We hereby refer
to these results as ‘Simulation’. The closed-form solutions ob-
tained in (7) are implemented directly via MATLAB R2019b,
termed as ‘Theoretical’ for further reference.

We assume an ITU-R outdoor framework (site-general
model for propagation within street canyons) [31] to generate
channel realizations with the path-loss exponent:

PL(D,F ) = 10a log10(D) + b+ 10c log10(F ) +N(0, σ) dB, (8)

where D is 3D direct distance between the transmitting and
receiving stations (m), F is the operating frequency (GHz),
the coefficients a, b, and c are associated with the increase of
the path loss with distance, the offset value of the path loss,
and the increase of the path loss with frequency, respectively,
and N(0, σ) is a zero mean Gaussian random variable with
a standard deviation σ (dB). The channels coefficients for
the link between the transmitter and receiver are generated
accordingly. Specifically, we choose: F = 24 GHz, D is
assumed to be 5 m (unless specified otherwise) for the end-
user with respect to the transmitter, a = 2.12, b = 29.2, c =
2.11 and σ = 5.06 dB. The constants corresponding to the
non-linear EH circuit are chosen as E ′ = 2.8 mJ, α = 1500,
and β = 0.0022 [26]–[28]. An average of 500 random channel
realizations is presented for each experiment. Furthermore,
we refer to the closed-form solution as theoretical and the
fmincon(·) solver yielded solutions as the simulation results.

Fig. 4 shows the variation in minimized transmit power
values with increasing demand of harvested energy at the end
user. Herein, we compare the performances of the proposed

2Please refer to Appendix A for detailed solution.
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Fig. 4: Optimized transmit power versus the harvested energy
demand for various values of N .
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Fig. 5: Optimized transmit power versus the distance for various
values of harvested energy demand, where N = 5000.

theoretical and simulation based solutions. We observe that
the optimized transmit power increases non-linearly with
increasing demand of harvested energy. However, a significant
decrement in the values of optimized transmit power is seen
with the increasing number of RF-EH ICs. We can note that
both theoretical and simulation based solutions yields the
same results. It is noteworthy that these results are in-line
with our intuitive analysis.

In Fig. 5, we illustrate the effect on the optimized transmit
power values with the increase in the distance between the
transmitter and the end-user, where N = 5000. Herein, we
draw a comparison between the theoretical and simulation
based solutions, wherein both the solutions are reported to be
identical. We observe that the minimum optimized transmit
power increases with increasing distance values between the
transmitter and end-user. However, this effect amplifies at a
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Fig. 6: Optimized transmit power versus N for various values of
separation distance between the transmitter and end-user.

higher level with the increasing demands of harvested energy.
The clear impact of distance limitation may be inferred herein.

We show in Fig. 6 the impact of increasing the number
of RF-EH ICs on the optimized transmit power values, with
the assumption of ξ = 500µJ. Both the theoretical and
simulation based solutions are found to be identical. We
observe that the minimum optimized transmit power decreases
with the increasing values of N . We additionally observe
that the minimum transmit power increases with the increase
in distance between the transmitter and the end-user. This
outcome suggest that the more closer the end-user is to the
transmitter, better will be the transmit power optimization.
Additionally, if the number of RF-EH ICs are large enough,
the transmit power can be further minimized drastically.

V. CONCLUSION

We proposed a novel design of RF-EH ICs assisted Quan-
tum battery system, wherein several RF-EH ICs are connected
in parallel, and the overall harvested energy can be managed
by a micro-controller, which is responsible for powering a
photon emitting device (such as an LED). With the assumption
of a wireless system comprising a single transmitter and
a single Quantum battery-enabled user, we formulated an
optimization problem to minimize the total transmit power as
well as the number of RF-EH ICs, subjected to the constraints
on the harvested energy demands. A closed-form solution
was obtained, along with the additional validation via a non-
convex optimization solver. For future practical systems, the
outcomes motivate the consideration of an extremely high
number of RF-EH ICs within a single receiver unit in order
to maintain the stability of the Quantum battery, as well as to
ensure an optimal transmit power within the safety limits.
The proposed novel system based on RF-EH ICs assisted
Quantum-battery may find applications in several domains
where the battery concerns are prevalent. Some examples of
its prospective applications include electric vehicles, electric
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scooters, laptops, watches and many other devices, which use
batteries.

APPENDIX A
CLOSED-FORM SOLUTION FOR THE TRANSMIT POWER

The non-linear EH constraint at end-user, as in (6), is given
by

N
E ′

1− φ
·
( 1

1 + e(−αPT |h|2+αβ)
− φ

)
≥ ξ, (9)

where ξ is the harvested energy demand at the end-user.
The expression in (9) can be re-arranged as

1

1 + e(−αPT |h|2+αβ)
≥ ξ ·

(
1− φ
NE ′

)
+ φ, (10)

which can be written as

1 + e(−αPT |h|2+αβ) ≤ NE ′

ξ(1− φ) + φNE ′
. (11)

The equation in (11) implies that

e(−αPT |h|2+αβ) ≤ NE ′ − (ξ(1− φ) + φNE ′)
ξ(1− φ) + φNE ′

. (12)

Taking natural logarithm on both the sides of (12), we have

−αPT |h|2 + αβ ≤ ln

(
NE ′ − (ξ(1− φ) + φNE ′)

ξ(1− φ) + φNE ′

)
. (13)

Further simplification of (13) leads to the equivalent con-
straint on the transmit power

PT ≥
1

α|h|2

(
αβ − ln

(NE ′ − ξ(1− φ)−NφE ′
ξ(1− φ) +NφE ′

))
. (14)

From (14), it is clear that in order to minimize the total
transmit power, the equality in (14) must hold. Therefore, we
reach to the closed-form expression for PT , as follows.

PT =
1

α|h|2

(
αβ − ln

(NE ′ − ξ(1− φ)−NφE ′
ξ(1− φ) +NφE ′

))
. (15)

QED. �
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