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Abstract—In the context of full-duplex spatial modulation
(FDSM) systems, this paper proposes a strategy that exploits
the subset of antenna that is not used by the transmitter nor by
the receiver to perform RF energy harvesting (RFEH). Through
the mutual coupling effect, the transmitting antenna of each node
transfers a part of its power to the other antennas of the array.
Our idea is to recycle this power at this same node in complement
to the ambient RF sources. Our study shows that the level of the
available power may be greater than the RF ambient sources.
The impact of the spacing d between the elements of an array
of four antennas on the performance of the FDSM-RFEH was
studied. For the RFEH aspect, when d is small, the harvested
DC power level is greater. Contrary, for the FDSM aspect, when
d is small, the level of the interference to noise ratio (INR) is
greater, and the self-interference cancellation (SIC) is therefore
impossible. The best compromise for the spacing is d = 0.6,
where )\ is the wavelength. By analysing the transfer coefficients
extracted from S-parameters simulations performed on a four
patch linear antenna array, the role of each antenna (emission,
reception, RF energy harvesting) may be established.

Index Terms—Spatial modulation, Full-duplex, Energy har-
vesting, Mutual coupling

I. INTRODUCTION

Nowadays, with the Internet of Things (IoT) development,
the number of connected devices grows spectacularly. Con-
sequently, the energy consumption grows with the number
of devices. To maintain the usability of the IoT, one should
use a low energy consuming device. Moreover, the wireless
spectrum resource employed in wireless communication is
limited, so the reuse of the same resource to support different
transmissions is necessary. The idea of a full-duplex (FD)
communication is to use the same frequency band simultane-
ously in both directions (uplink and downlink). But to make
full-duplex possible, one must manage the self-interference
cancellation (SIC) issue.

In parallel, the use of the spatial modulation (SM) technique
allows to reduce the energy consumption in a multi-antenna
system [1]. SM is a recent MIMO technology that uses the
active state of antennas as a support for the transmission of
information. Unlike the other MIMO techniques, SM uses
only one radio chain for all the emitting antennas. In [2], the
performance of SM has been theoretically studied in terms
of Average Bit Error Probability (ABEP). The authors gave

an analytical framework to study the performance of SM.
In [3], the authors give a design guideline to implement the
SM. They focused their studies on the associated transceiver
design and on the spatial constellation optimization. To make
the SM more attractive and more reliable, the authors in [4]
proposed the implementation of the idea of full duplex in
spatial modulation. The authors exploit the subset of antennas
that is not used for the transmission to receive the signal
from a remote node. An architecture with a SIC block via an
appropriate algorithm has been proposed. In [5], the impact of
the self-interference cancellation accuracy on the performance
of the full-duplex spatial modulation (FDSM) was studied.
Further, in [6], the performance of FDSM in the presence of
IQ imbalance was studied by using Keysight ‘ADS software
and MathWorks’s Matlab co-simulation.

Additionally, the energy harvesting using radio-waves is a
way to recycle the energy lost in wireless communications.
The idea is to convert the electromagnetic waves into electrical
energy that can be stored or used to power supply a part of
a circuit. In [7], the authors cite all the available ambient
RF energy sources to operate energy harvesting. The power
density available in the frequency range of 3 kHz - 3 GHz is
detailed. In [8], the authors reviewed the evolution of electro-
magnetic energy conversion techniques over the years. The
historical milestones and the breakthroughs on low-density
energy harvesting are emphasised. In [9], the authors present
the different possible topologies of an energy harvesting
circuit. The efficiency of an energy harvesting circuit is the
ratio between the power of the direct-current at its output and
the power of the incoming RF signal. The efficiency of each
topology is given according to the level of the available power
and to the employed frequency. In [10], the authors give a
review of the antenna technologies used for ambient RF energy
harvesting (RFEH). The requirements in the antenna design for
RFEH are developed more in details.

In [11], the authors propose a new way of considering
the role of self-interference in wireless communications. They
propose that one can exploit the SI in a positive manner, for
instance as a source of energy. In [12], a system capable of
amplify and forward relaying which uses FDSM is proposed.
To ensure the power supply of the relay, it is equipped with



RFEH ability. However, the communication and the energy
harvesting are not operated simultaneously. In this paper, we
propose the study of the FDSM+RFEH combination, from
the antenna coupling perspective. As the FDSM uses only a
subset of its antennas at each communication step, the idea
presented and studied in this paper is to harvest RF energy
through the antenna subset which is not involved in the FDSM
communication.

The remainder of the paper is organized as follows. In
Section II, we are going to describe the architecture of the
proposed system. We will study an array of four antennas
in simulation with ADS to compute the mutual coupling
between all the antennas. In Section III we are going to
present the results of our simulations. In section IV, we give
an interpretation and an analysis of the simulation results on
the available power for the RF energy harvesting, and on the
level of self-interference for the FDSM. Section V concludes
the paper.

II. FDSM AND RFEH SYSTEM MODEL

In FDSM-RFEH, each node has Nt antennas. Unlike other
MIMO systems, the SM technique activates only one transmit-
ting antenna at each symbol period. The index of the active
antenna supports additional information. The bits to be sent are
grouped into frames of length: log, (M) + log, (Nt), where M
is the modulation order, and Nt is the number of antennas. The
first logo(Nt) are used to choose the index of the antennas
that are going to send the signal. The remaining log, (M)
bits are sent by using a classical modulation scheme (ex. M-
QAM). At the receiver side, we detect both the signal and the
index of the activated antennas. To implement the full-duplex
principle in SM, the reception of the signal from the other
remote node is performed by a subset of antennas that are
not used for emission. The self-interference (SI) is mainly the
signal sent by the transmitting antenna of the same node to its
receiving ones and an SI cancellation need to be implemented.
There are different levels to perform the SIC: antenna isolation,
cancellation in the analog domain, cancellation in the digital
domain.

The idea behind the RFEH is to convert a RF signal
into a DC one. There are five stages in a RFEH system:
the propagation channel, the source of the RF signal, the
impedance matching, the rectifier, and the load. The main
block is the rectifier that performs the conversion of the RF
signal into a DC voltage. The performance of the rectifier is
characterized by its efficiency, which is the ratio between the
output DC power (P,,:), and the input RF signal power (P;,,).
For a given rectifier topology, the efficiency varies with the
power level of the input RF signal and with its load.

In our system, we combine the three techniques. The
specificity of our proposed RF architecture is that it harvests
the RF energy from the SI generated by its own transmitting
antenna in complement to the energy from the RF ambient
sources. The antennas are connected to the processing chains
by an intermediate functional block. This intermediate block
is mainly composed of RF switches and circulators. The
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Fig. 1. Architecture of the system that combines the full-duplex spatial

modulation (FDSM) and the RF energy harvesting (RFEH). Each node has Nt
antennas and three processing blocks such as the transmitter 7'z, the receiver
Rz and the RFEH blocks.

functional architecture of the system FDSM-EH is depicted
in Fig. 1.

Depending on the information to be transmitted, a subset
of antennas is activated according to the SM principle. The
remainder subset of antennas is used either to receive signal
from a remote node or to harvest RF energy. The same process
is then repeated at each symbol period T,. The role of each
antenna is different at each symbol period.

We are going to study an array of four patch antennas, as
shown in Fig. 2, to analyse the power level that we can expect
to harvest and the level of the self-interference to be cancelled.

III. SIMULATION RESULTS FOR AN ARRAY OF FOUR PATCH
ANTENNAS

In order to perform the aforementioned study, the antenna
array was designed on a Rogers RT Duroid 6006 substrate. The
relative permittivity (&,-) is 6.15 and the loss tangent is 0.0012.
The dimensions of the antennas are summarized in Table I.
All simulations are performed using the ADS Momentum
software.

A. Reflection coefficient of one individual antenna

The antennas are designed to have a 50 €2 input impedance
at 868 MHz. In Fig. 3, the variation of the reflection coefficient
S11 of one individual patch over the frequency is depicted.

Fig. 2. The linear array of four patch antennas, simulated in Keysight’s ADS
Momentum software.The antennas are designed on a Rogers RT Duroid 6006
substrate. The spacing d is the distance between the centers of the patches.
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Fig. 3. Variation of the reflection coefficient for one single patch antenna
versus the frequency. The antenna is matched to have Ze = 50 €2, at the
frequency 868 MHz. The reflection coefficient is minimum at the desired
frequency.

As we can remark, the reflection coefficient is minimal at the
desired frequency with a -10 dB bandwidth of 4 MHz.

B. Transmission coefficient between the elements of the array

Now, we are going to study an array of four identical patch
antennas of the type previously presented. The impact of the
spacing d between the antennas on the transmission coefficient
Sij, is computed. The results of the simulation are depicted
in Fig. 4. The transmission coefficients are decreasing when
the spacing between the antenna elements grows. The spacing
d is normalised by the wavelength A\. When d is equal to

TABLE I
DIMENSIONS OF THE ANTENNA

Length Lp 69.57 [mm)]
Width Wp 91.40 [mm]
Length feeding line Lm 42.40 [mm]

Width feeding line W 1.1 [mm)]

Depth of slots In 19 [mm)]

Gap on each side of the feeding line g 3.65 [mm]
Wavelength A 345.6 [mm)]

Magnitude [dB]

0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Distance [A]

Fig. 4. Variation of the transmission coefficients, S;;, between the elements of
the array versus the spacing d. The distance was normalized to the wavelength

A

0.3, all the S-parameters are close to each other. The highest
value is S1o = —7 dB and the least is S14 = —12 dB. The
transmission coefficient is higher when the antenna is close to
the transmitting antenna. S1o is always greater than S;3 and
S14 for all the values of d. When d grows, the gap between
the coefficients grows also. When d = 1, we have S12 = —31
dB and S14 = —49 dB. Except for d = 0.3, one can remark
that S1o = S34 and Soy = Si3. The antenna arrays have a
symmetric behaviour. We are going to interpret the impact of
this result in our study of the FDSM-RFEH in the next section.

IV. INTERPRETATION OF THE SIMULATION RESULTS ON
THE FDSM-RFEH SYSTEM

A. Available power via self-recycling

In FDSM-RFEH, the principle of RF power self-recycling
consists of harvesting the power transferred by its own trans-
mitting antenna to its other antennas. If an antenna is active
for the transmission, a rectifier is connected to the port of
another antenna. Based on the transmission coefficients, one
can compute the available power that can be harvested. Let
assume that the power emitted by the active antenna is 20
dBm. As each antenna has an equal probability to be used
for the emission, we consider all the possible scenarios. We
denote by Tx the active transmitting antenna, by Pinayn the
power level at the antenna N. The results, depicted in Fig. 5,
were obtained.

As a consequence of the symmetric behaviour of the array,
there are two possibilities: the first case is that an antenna
of the side of the array is active ( Tx = 1 or Tx = 4); the
second case is that one of the antennas at the middle is active
(Tx = 3 or Tx = 2). We selected Tx = 1 for the first case and
Tx = 2 for the second case in our study. Therefore, because
of the symmetry, we can transpose the results for Tx = 4 and
Tx = 3. If the antennas are close to each other, the received
power level is above 0 dBm. If Tx = 1, the available power
Pinppe is the highest. Unlike, if Tx = 2, the power levels
Pinan and Pinagg are almost equal.
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Fig. 5. Available power at the ports of the other antennas, if Tx = 1 on the
left, Tx = 2 on the right. The power at the antenna number N is denoted by
Pinann
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Fig. 6. Impact of the RF signal power on the efficiency of the rectifier. The
input impedance is Z;,, = 50 €2, and the load impedance is Z,,qq4 = 20 k2

Compared to the scenario in which the energy is harvested
from the ambient RF sources, which are usually less than -25
dBm/cm? [7] in the 900 MHz band, in our case, there is more
available power. As the power level changes with d, we need
to use a rectifier that can operates in different power levels.

B. Expected DC-power at the output of the rectifier

Now, let assume that the rectifier proposed in [13] is used to
perform the RFEH because it can operate on a wide range of
input powers. The efficiency of this rectifier changes according
to the power level of its input RF signal, as illustrated in Fig.6.
The rectifier is matched to a 50 €2 impedance at its input. For
the range [-25;7] dBm, the efficiency is greater than 30% and
one can harvest energy even if the available power is less than
-20 dBm.

Poutan denotes the DC-power at the output of the rectifier
connected to the antenna N and Ex denotes the antenna used
to perform the RFEH. The impact of the spacing d on the
expected DC-power is depicted in the Fig.7. As in the previous
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Fig. 7. Expected DC power at the output of the rectifier, when Tx = 1 on the
left, Tx = 2 on the right. The output power of the rectifier connected to the
antenna N is denoted by Poutan, and the load impedance is Z1,,qq4 = 20 kQ2
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Fig. 8. Interference to noise ratio when Eb/Ng = 20 dB, Tx = 1 on the
left, Tx = 2 on the right, INRapey is the INR at the antenna N

case, two scenarios are considered. If Tx = 1, the DC-power
levels with the three antennas are different. Pouta,e is greater
than Poutp,; and Pouta, whatever the value of d. When the
spacing is 0.3\, the difference between the levels of the three
DC-power is very small. One can expect up to 0 dBm of
harvested power. And when the spacing grows, the DC-power
level decreases. The minimum level of power is Poutanu =
—40 dBm, when d = A. The best decision is to chose Ex = 2
to perform the RFEH. When Tx = 2, Pouta, and Pouta,; are
the same whatever the value of d. The greatest power level is
Pouta, = Pouta,s = 0 dBm when d = 0.3\. Unlike the first
case, we can chose between Ex = 1 and Ex = 3 to perform
the RFEH.

C. The self-interference at the receiver side

Rx denotes the antenna used for the reception of the signal
from the remote node. Let assume that only an active analog
self-interference cancellation technique is used. The accuracy
of the SIC technique depends on the interference to noise
ratio (INR). To compute this metric, we assume that the
communication occurs with the energy per bit to noise power
spectral density ratio Eb/Ny = 20 dB. We also assume that the
only significant path of the interference is the direct path. In
other words, the self-interference caused by the reflection from
an object in the propagation environment is neglected because
they are independent to the spacing between the antenna and
supposed at a large distance. The considered bandwidth of
the system is 20 MHz. In this case, the variation of the INR
according to the spacing d is illustrated in Fig. 8.

INR v denotes the value of the INR at the antenna N. We
consider two cases as before, if Tx = 1 and if Tx = 2. For the
first case, when d=0.3\, INRay» = 90 dB. It is impossible to
reduce the self-interference below the noise level because the
algorithm of self-interference cancellation has about 45-50 dB
of mitigation [14]. From the SI cancellation point of view, the
best decision is to choose Rx = 4 and the spacing more than
0.6)\. In the same manner, if Tx = 2, the best choice is to use



Rx = 4 to perform the reception of the distant node signal
with a target Eb/Nj.

V. CONCLUSION

In this paper, a system that combines the FDSM and the
RFEH was proposed. The impact of the antenna array topology
on the performance of the system FDSM-RFEH was studied
by analysing an array of four patch antennas. The choice of the
antenna used for the reception of the signal from the remote
node and for the RF energy harvesting was studied. The impact
of the spacing between the antenna on the transfer coefficients
was investigated. Based on the simulation results, we compute
the available power that we can expect to harvest by using a
realistic rectifier. The impact on the level of interference of the
FDSM system was also discussed. We conclude that for the
energy harvesting aspect, less the spacing is, more energy can
be harvested. Unlike, for the full-duplex aspect, if the antenna
spacing is small, the interference is bigger, consequently the
quality of the communication is degraded. Future work will
focus on the experimental part to confirm the simulation results
by using a prototype of the antenna array.
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