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Exploitation of Harmonic Generation in Time-
Controlled Frequency Diverse Arrays for WPT

Tommaso Tiberi, Student Member, IEEE, Enrico Fazzini, Student Member, IEEE,
Alessandra Costanzo, Fellow, IEEE, and Diego Masotti, Senior Member, IEEE

Abstract—This work presents a novel and detailed harmonic
analysis of Frequency Diverse Arrays (FDAs) when a pulsed
regime is adopted to resolve the typical range-angle coupling of
their radiation mechanism. This analysis demonstrates the
positive exploitation of the harmonic generation of time-
controlled FDAs when their use as smart energy sources for
Wireless Power Transfer applications is envisaged: in this
contest, several pulse waveforms are compared and the delicate
trade-off between the minimization of the power dispersed
among out-of-band harmonics and the confinement of the
illuminated region of space is deeply discussed. The triangular-
shaped pulse combined with its repetition frequency identical to
the constant frequency spacing among the antennas results to be
the most promising choice. The analytical results are supported
by measurements carried out in a realistic scenario with a 4-
monopole planar array operating at 1.8 GHz.

Index Terms—Active antenna array,
beamforming, wireless power transfer.

harmonic analysis,

I. INTRODUCTION

HE NEED for precise radiation of the signal/power in the

region where the target is positioned represents one of the
main bottlenecks for the feasibility of far-field wireless
transmission of the power (WPT) [1]. This has pushed the
interest of researchers on advanced radiating architectures to
overcome this problem [2, 3].

In the last years, special attention has been devoted to
Frequency Diverse Arrays (FDAS), i.e., coherent radiation of
signals with slightly different frequencies [4]: this new degree
of freedom (the frequency spacing of the array elements
excitations) leads the array factor of FDASs to be dependent on
the distance, angle and time.

The simultaneous range and angle dependency is the added
value of FDAs, since it allows to perform beam steering
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without the need of phase shifters, adopted in traditional
phased arrays. Afterwards, FDAs have been proposed for
WPT applications, both for long-range [5] and indoor
scenarios [6]. To this aim, improvements on the geometry of
the radiating architecture both for linear [7] and bi-
dimensional arrays [8], [9], and on the frequency offset
distribution [10], [11] have been proposed to enhance the spot
accuracy. The time dependency of the radiation mechanism
makes the FDAs suitable for radar applications, which has
been their original exploitation, because of their intrinsic
scanning capability [12], but introduces some challenges if
WPT scenarios are concerned.

This time-dynamic pattern has been subject to many studies,
from different perspectives within the research community
with the purpose to fix the radiated spot in time. For example,
a delicate optimization of the frequency offset distribution has
been adopted in [13] to counteract the dynamicity of the FDA
pattern, at the expense of an unfeasible increasing complexity
of the signal generation system. An alternative and simpler
approach [14], [15] pursues the duty-cycling of the radiation
of each diverse-in-frequency element through a rectangular
pulse: this radiation control transfers the complexity to the
piloting part of the system, where a Software Defined Radio
can easily do the job, as claimed for the first time in [6], where
an indoor WPT scenario was considered. However, as firstly
highlighted in [16], [17,] a common misconception of the
pulsed FDA radiative behavior is observed if the pulse
propagation is not accounted for. Indeed, an apparent control
over time of the FDA pattern seems possible, but the resulting
prediction is not consistent since the carrier and the pulse
waveforms result to obey to different and uncorrelated time
propagation laws. Vice versa, when pulse modulation is
applied to the transmitting FDA, each harmonic of the pulsed
signal is processed in the same way by the channel. According
to this correct perspective, a pulsed FDA allows to restrict the
typical S-shape pattern in a confined angular sector, and, by
varying the pulse delay, beam steering on demand can be
performed. Therefore, the obtained radiating system operates
similarly to an advanced phased array, with reduced
architecture complexity, since the role of the phase shifter is
substituted by a simple switch, hence it is still worthy of
attention.

In particular, the control of the antennas excitation through a
pulse waveform is responsible for the generation of harmonic
products due to the intermodulation of the carrier(s) signal(s)
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with the control frequency of the on-off sequences. This is a
well-known phenomenon deeply studied in another family of
smart radiating architectures, the time-modulated arrays [18],
[19], whose radiating peculiarity exactly relies on the multi-
frequency generation, that has been successfully exploited also
for WPT purposes [20], [21]. The loss of power because of the
presence of uncontrolled sideband harmonics has also been
studied for this family of arrays [22], [23].

Despite this, the time-controlled FDA (TCFDA) has been
studied in the sole time-domain, up to now. This paper tries to
bridge this gap, by providing, for the first time, an exhaustive
analysis in the frequency domain of the complex radiation
mechanism of these arrays, leading to the accurate evaluation
of the amount of power lost because of this phenomenon. This
analysis demonstrates that the harmonic generation due to the
synchronous on-off of the antennas excitations results in an
insurmountable obstacle for communications purposes. On the
other hand, when these arrays are adopted for WPT purposes,
this work demonstrates that the harmonics generation can be
favorably exploited. Moreover, the proposed analytical
approach allows to perform a careful choice of the driving
pulse waveforms thus leading, for the first time, to the
comparison of different driving sequences and their effects on
both the loss of power, due to the harmonic generation, and
the shape quality of the covering spot of space for TCFDA
architectures.

The results of the theoretical analysis are validated by a
measurement campaign, carried out in laboratory premises, in
order to validate the smart radiating strategy in indoor
scenarios: for this purpose, a planar array of 4 monopoles
resonating at 1.8 GHz is adopted. Of course, the optimum
focusing distance is forced to be close to the transmitting
array, for the limited availability of space: but this does not
affect the general-purpose nature of the proposed array design
results.

The paper is organized as follows: in section Il an overview
on the main features of TCFDA is provided, followed by the
problem statement regarding the pulse harmonics generation
and its impact on the system radiating behavior. Then, an
exhaustive power spectral analysis on the TCFDA signals is
carried out in section Il1, and the Power Loss figure of merit is
defined. This parameter, being a key performance indicator for
TCFDA systems, is derived and properly characterized with
respect to several working scenarios examined in this work.
Afterwards, in section 1V, three main types of pulses to realize
the direction-control of the FDA radiation pattern are
investigated and compared. In section V a description of the
carried-out measurement activity and the validation of the
developed theory is reported, and the final conclusions are
drawn.

Il. TIME CONTROLLED FREQUENCY DIVERSE ARRAYS
In this section a novel investigation on the radiating

properties of time-controlled frequency diverse arrays
(TCFDA) is proposed. The peculiarity of these radiating
systems stands in the pulse modulation technique applied to
the continuous waveform (CW) excitation signals to be
radiated by the array. The macroscopic effect of this excitation
format enables a unique angular control of the FDA radiation
pattern.

As pointed out in previous works [12], the S-shape beam
pattern is a typical property of standard FDAs (i.e. linear array
with linear frequency diversity), resulting in a strong range-
angle coupling of the radiation pattern; at a given time instant,
by varying the scanning angle, the signal is focused at
different distances from the source. This dynamic behavior is
a useful feature for radar and localization purposes. However,
for WPT applications a robust control of the system’s
radiation is mandatory, to intentionally transfer power in
desired directions only, according to the position of targets to
be energized. For this reason, a time-control strategy, based on
pulse modulation has been coupled with the standard FDAs
excitation, to pursue a collapse of the “S-shape” in favour of
angle-confined radiation and definitely resolve the tough
mutual dependency between range and direction. Fig. 1 shows
standard FDA beam patterns for WPT scenarios, hence with
the “S” spanning regions of tens of meters (instead of km, as
for radar applications, as better explained later): Fig. 1(a)
represents the evolution over time of the FDA pattern in a
theta-time graph (for r = 0m), the superimposed pulsed
signal is also shown. Whereas Fig. 1(b) depicts the radiation
pattern in a range-theta graph at fixed time instant t = 0 ns
(i.e. in the instant of transmission).
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(a) (b)
Fig. 1. Normalized standard FDA beam pattern: (a) time-varying
behavior and superimposed pulse (dashed line) with on-time T,,, =
20 ns and delay t = 50 ns. (b) range-angle pattern at fixed time
instant t = 0 ns.

In this way, the overall signal transmitted by the array is not
a CW anymore, but may be cast as:

X(6) = Xpuiee(E =) ) eIt )

M-1
m=0
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where x,,;sc represents the pulse waveform, f,, is the
operating frequency of the m® antenna and M is the number
of array elements. The pulse shape design requires specific
settings, such as the periodicity T, the on-time T,, and the
delay t. These parameters are fundamental degrees of freedom
to select the desired time-slots of radiation, in order to achieve
the two-fold goal of maximizing power transmission in precise
directions from the source and cancelling radiation in
unwanted space regions. For example, by setting a pulse delay
T = 50 ns as in Fig. 1(a), the main beam is steered around -30
degrees, with respect to the broadside direction. Without loss
of generality, the analysis carried out in this work refers to a
scenario in which the target is in the broadside direction with
respect to the energy source, therefore a delay 7 = 0 ns is
considered. Anyway, it can be proved that the same analysis
can be extended to whatever direction of transmission, by
adjusting the value of t accordingly. Indeed, this time-control
technique allows to achieve ad-hoc and real time WPT and
represents a consistent solution to nimbly handle the FDAs
beam pattern. To better visualize the radiating behavior of the
TCFDA system, multiple snapshots of the beam pattern have
been collected at different time instants and reported in Fig. 2.
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Fig. 2. Normalized TCFDA beam pattern (with rectangular pulse
effect) at: (@) t=0ns, (b) t=50ns, (¢) t=100ns, (d) t =
150 ns.

The movement over time of the radiation is well visible,
even though the pulse modulation allows to restrict the
transmission in a limited direction only, representing a great
advantage with respect to the standard scenario (Fig 1(b))
when intentional and precise power transfer is pursued.
However, up to now the performance of TCFDA has been
investigated with respect to the time domain, only, while a
novel interesting perspective is offered by the frequency
spectra of the pulsed FDA that is discussed in the following.

Let us consider a linear array of M antennas, aligned along
the x axis, as reported in Fig. 3. It is worth mentioning that the
deployment of more sophisticated array layouts, such as a

y
P(r,9)

,,,,, . o
h fm fu-

fo

Fig. 3. M-element linear array aligned along x axis.

logarithmic inter-element distribution [7] or a planar
arrangement of the elements, both in a rectangular [24] and in
a circular [8],[9] shape, leads to a beam spot naturally
confined in a more limited region, thus strongly reducing the
usefulness of the pulse-based technique. For this reason, the
paper focuses on a standard linear array layout.

Frequency diversity is introduced among the elements
according to the following rule:

fmn=fo+mAf,(m=0,..,.M—1) 2)

where f; is the operating frequency of the zero element (m =
0) and Af is the constant frequency offset among consecutive
elements. [ indicates the spacing among adjacent antennas and
7, describes the distance between the m®* antenna and the
target point P. Supposing to work in far-field conditions, the
following approximation holds:

T =19 — (M- 1) sin(9) 3
In a standard FDA system, where CW signals are involved,

the spectrum is occupied by the fundamental tones only, as
represented in Fig. 4.

Fig. 4. Spectrum of a standard FDA (M=4).

With the introduction of the pulse signal modulating the
predefined continuous waveforms, the spectrum inherently
contains infinite harmonic components associated to each
fundamental signal, as visible in Fig. 5, where f, = 1/T is the
pulse frequency, that defines the spacing between adjacent
harmonic tones. Therefore, the frequency characterization of
pulsed FDA is more complex, but absolutely needed.

In particular, the harmonic analysis can be performed either
focusing on information transmission or on power
transmission. For what concern communication purposes, the
harmonic terms generated by the pulse modulation are
definitely dangerous for the quality and reliability of the
network. Indeed, a fundamental condition must be respected:
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(M —DAf < fp 4)

The left-hand side term of (4) defines the frequency
distance between the lowest and the highest fundamental tones
of a M-elements FDA. If condition (4) is satisfied, the first
side-bands (i.e. harmonic order equal to 1) of f,, satisfy the
following inequalities:

ot fp > fu-
fm_fp <f0

(m=0,..,M—1) (5)
(m=0,..,M—1) (6)

In this way, co-channel interference is avoided because the
harmonic terms are distributed in such a way that they fall
outside the channel bandwidth B, ,which is an essential
condition to be satisfied for a safe data communication.
Moreover, a pass-band filter must be introduced to minimize
adjacent channel interference with other users. Unfortunately,
due to the high number of harmonics, significant amount of
radiated power is distributed at those frequencies. Therefore,
huge power losses are encountered on the side-band
harmonics. This working condition introduces a critical
obstacle for the feasibility of TCFDA, that could not be a
reliable technique anymore if exploited for communication
purposes.

fo—1fp fo fothp f
i
L~ i hth 7
1] ‘ 1
fo-fo fo 1R f
a M ‘ ‘ |1
fif £ fath 7

Fig. 5. Spectrum of a pulsed FDA (M=4).

However, the aim of this work is to propose a different
perspective suitable for WPT applications. Indeed, if TCFDA
are adopted for power transmission the condition (4) can be
violated, to promote the deployment of harmonic terms within
B,, (i.e. improving the power distribution over the band of
interest). In this way, the intrinsic pulse harmonics are
positively exploited for powering purposes, thus minimizing
the power loss, as detailed in the following analysis.

A further motivation to violate (4) in WPT applications
comes from a hardware constraint regarding the multi-
frequency generation. Let us consider the system depicted in
Fig. 6. The CW signal at the output of the generator is
processed by a pulse wave modulator (PWM), and the
obtained pulsed signal is then radiated by the antenna. The
design parameters (z, T,,,) of the pulse play an essential role to

it

PWM

Fig. 6. Scheme of one channel responsible for the signal generation
in a TCFDA architecture.

handle the behavior of the FDA radiation (described in Fig. 1).

A first consideration regards the relationship between the
time periodicities of the pulse and the FDA pattern. The
second one fixes the maximum time window of interest to
1/Af. If f,, exceeds Af, the pulse signal repeats more than
once within an FDA period, and the unique correspondence
(t, T,n)-angle of Fig. 1(a) is lost. This means that the system is
going to radiate in different directions within a single period,
whereas the focus of this work is to characterize the harmonic
contributions of a single pulsed FDA beam (i.e. the direction
of transmission is one and fixed). Therefore, the frequency
offset Af represents an upper bound for the pulse periodicity
and the following additional condition must be set:

fo = Af (7)

On the other hand, a lower bound for f, cannot be specified.
However, the designer must be aware that increasing the time
periodicity of the pulse, keeping T,, and 7 parameters
(therefore, the steering direction and dimension of the
focusing area) fixed would imply a reduced amount of power
delivered to the target (e.g., a rectenna), because of the longer
silent period. This aspect will be detailed in the following
through the definition of a proper figure of merit related to the
transfer of power.

I11. POWER ANALYSIS OF TIME-CONTROLLED FDA SIGNALS

The generic pulse signal, that modulates the CW signals
generated by the antennas, can be expressed according to its
Fourier series expansion:

Nu
Spuise () = ) Cuelmt ®

n=-Nyg

Where Ny is the number of harmonic terms characterizing
the pulse, and C,, are the Fourier coefficients of the pulse, that
can be expressed as:

. y
Co = =) Xpuise(DeT7™tdt , (n = =Ny, .., Ny) (9)

Then, the generic signal transmitted by the m*"* antenna can
be written as:
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Ny
X (6) = Sty 10 (6) = eSTImt N Gl (10)

n=—Ny

Being x,, (t) a periodic signal, the average signal power can
be computed as:

Nu
P, = Z |Cae 2 Umtnso)e|” (11)
n=—Ny
Finally, the total signal radiated by the array is:
M-1 . Ny .
x(t) _ Z ejZn:fm(t—Tm) Z CnejZn:nfp(t—Tm—r) (12)
m=0 n=-—Ny

Since x(t) is a periodic signal as well, the total average
signal power is given by:

M-1 Ny

R=S Y foerrmem(-e|

Once the total power P, is characterized, an effective figure
of merit named Power Loss can be derived and defined as:

(13)

PxB
Paoss%] = (1= =22) - 100 (14)
P,

where P~ denotes the total average signal power within the
bandwidth of interest B,,. P,ss quantifies the amount of power
lost on the side-band harmonics with respect to the total
available power. This quantity is strictly dependent by the
bandwidth B, of the system.

A simulation example of TCFDA system with M = 4, f; =
1.8 GHz and Af =5 MHz is proposed. This choice of Af in
the order of MHz is typically adopted for WPT purposes, to
obtain RF power concentration at tens of meters from the
transmitter, as can be evinced from the “S-shape” spanning of
Fig. 1(b) [6]. However, the FDA principle is still valid for
lower Af, e.g. in the order of kHz, to achieve scanning
distances of km, envisaged for radar applications.

As a starting point, the P, as a function of the duty-cycle
is reported in Fig. 7, considering a B,, of 100 MHz and f,, =
20 MHz. The choice of a value of f, greater than Af and in
accordance with (4) for a communication scenario, but
generating more than one maximum in the FDA period
(hence, violating (7)) is also responsible for high power losses
due to the out-of-band harmonics. In fact, considering small
values of the pulse duty cycle (e.g., 0.1 + 0.2), typical of
TCFDA systems because they directly impact on the size of
the beam spot, the achieved P, levels are definitely high
(around 50 + 60 %), and the majority of the transmitted
power is wasted on side-band harmonics.

To preserve the strength of the pulse-based time control

technique, a minimization of the P, parameter must be
pursued. Indeed, design choices for the pulse design play a
crucial role for the optimization of the system performance
with respect to power transmission.

100
80
60

40

Power Loss [%o]

01 02 03 04 05 06 07 08 09
Duty Cycle
Fig. 7. Power Loss curve with a rectangular pulse, f,, = 20 MHz and
B, = 100 MHz.

IV. POWER L0ss COMPARISON FOR DIFFERENT PULSE SHAPES

In this section, an investigation on different pulse
waveforms modulating the FDA signals is discussed. Then,
the performance of the corresponding TCFDA systems are
derived. As mentioned before, the pulse properties strongly
affect the behavior of the TCFDA radiation.

Let us consider the same scenario presented in section Il: a
linear array of M = 4 antennas, with f, = 1.8 GHz and Af =
5 MHz. The bandwidth of interest is set to B,, = 100 MHz,
being in accordance with typical values of operating
bandwidth of antenna arrays, realized in planar technology in
the microwaves range. An interesting scenario for WPT is
found setting f, = Af = 5 MHz, hence respecting (7). In this
case, the lower order harmonics of each fundamental
frequency f,, are coincident with the adjacent fundamentals,
as visible in Fig. 8.

Since information distortion is not a concern anymore, the
harmonic radiation can be positively exploited to promote the
power distribution within B,,, thus minimizing the P,,¢. The
time-control technique with different pulse shapes is applied
to the FDA system, and its performance in terms of P, are
discussed.

B,

af af Af

fo fi fa fs ;
fot+fe fo+2fp Jfot+3f

Fig. 8. Spectrum pulsed FDA (M=4), f, = Af. Harmonics (red
lines) superimposed to the fundamental tones (black lines).

A. Rectangular pulse
A rectangular pulse characterized by an amplitude A =1
Ton

and a duty cycle d = o can be expressed in terms of its
Fourier expansion:
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Np

Xreee(t = Tree) = ) CEeCtel2mmreed) (15)

n=—Npy

with C7¢t = A-d - sinc(nd) and T = fi .
p

In Fig. 9, the Power Loss behavior (blue line) is reported.

A straight comparison with the previous case (Fig. 7)
highlights that the amount of dissipated power is strongly
minimized, proving the effectiveness of TCFDA for WPT
applications. Indeed, fixing the duty cycle to 0.1 (i.e. 10 % of
T) which correspond to an illuminated region of around 24
degrees as reported in Fig. 10(a), the P, is close to 9 %.

100
— Rectangular Pulse

80| Raised Cosine Pulse
Triangular Pulse

60 1\

40

Power Loss [%)]

0.1 0.2 0.3 0.4

Duty Cycle
Fig. 9. Power Loss vs Coverage for various TCFDA configurations:
(blue) rectangular pulse, (red) raised cosine pulse, (yellow) triangular
pulse.

B. Raised cosine pulse

A raised cosine waveform has been considered and tested
for the first time in the framework of a TCFDA system. For
this control signal the roll-off factor «, is a key choice for the
pulse design: for a = 0, the pulse coincides with a rectangular
one, while for decreasing a a smoother transition between the
pulse states is obtained. Since it is well-know how the duration
of the pulse transitions increases with increasing values of a,
to set a unique definition of the pulse duty cycle, independent
from a, the pulse on-time corresponds to the time window
where the raised cosine pulse is greater than 0.5. In this way
T, is always the same, irrespective of «, and the duty-cycle is
derived accordingly.

The simulation results of the TCFDA adopting a =1,
superimposed in Fig. 9 (red line) with those adopting @ = 0,
demonstrate that the smooth shape of such waveform, results
in spectral components quite relaxed which positively
contribute to the reduction of P, .. In this case, with duty
cycle of 0.1 the P, 4, drops below 1 %.

C. Triangular pulse

The accuracy of the time-control technique can be
significantly improved through the novel introduction of a
triangular pulse, replacing the rectangular one. A triangular
waveform is obtained by the convolution between two
identical rectangular pulses:

Xeri(t = Teri) = Xpect (t — Trece) * Xrect (6 — Treer)  (16)

where * indicates the time domain convolution among two

60 60

0.8

40
10.6

r[m]

0.4
20

0
90 45 0 45 90 90 -45 0 45 90

f [deg] 0 [deg]
(a) (b)
Fig. 10. Normalized TCFDA beam pattern: (a) rectangular pulse (b)
triangular pulse, with time fixed at ¢t = 100 ns, T,,, = 20 ns, and
7= 0ns.

signals. T,..; and .., represent the delay applied to the
rectangular and triangular pulses respectively. In accordance
with the Fourier properties of the convolution, the resulting
triangular waveform has a double delay with respect to the
original rectangular wave (7. = 2 Trect), While preserving
the same periodicity. Even though for this novel waveform the
duty cycle definition is not straightforward, the on-time has
been computed as the time interval where the triangular pulse
is different from zero, coherently with the rectangular case.
Therefore, the duty cycle definition remains unchanged. The
time-control technique based on a triangular pulse modulation
leads to an extremely precise power focusing. A triangular
signal reaches the peak in a single time instant, therefore the
radiating spot is confined in a precise and restricted region. By
selecting properly the value of t..;, maximum power focusing
is guaranteed in the target direction, significantly reducing the
energy wasted in surrounding regions. The energy awareness
of this solution, compared to the common one based on a
square pulse, is shown in Fig. 10(b), where the enhanced
selectivity of the power spot for TCFDA involving the
triangular pulse is evident. In this use case, both pulses have
been chosen of duration 20 ns and delay t = 0 ns, to achieve
maximum power in broadside direction, as visible in Fig. 10.

The triangular pulse is characterized by a reduced harmonic
content, with respect to the rectangular one resulting in a
lower P, thus improving the TCFDA performance, as
shown in Fig. 9 (yellow line) with a duty cycle of 0.1,
corresponding to Py, = 5.4 % .

V. TCFDA PERFORMANCE ANALYSIS

A. TCFDA performance comparison

By comparing the simulation results adopting the various
pulses (Fig. 9), the TCFDA based on raised cosine pulse with
a = 1 guarantees the highest P, reduction. While, from the
beam spot perspective, the triangular pulse provides the most
accurate radiation mechanism. Furthermore, it can be observed
that for a fixed bandwidth of 100 MHz, the main parameter
affecting Py, is the pulse duty cycle, whereas the pulse shape
modifies P,z by few percents only (e.g. 5.4 % for the
triangular pulse compared to approximately 1 % for the raised
cosine). Overall, since Py,¢, values below 10 % are fine from
the harmonic exploitation viewpoint, the TCFDA system
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based on triangular pulse modulation is proposed as the most
promising choice, due to its enhanced selectivity of the
radiating spot (Fig. 10(b)). As long as the main system’s
requirement is set by the angular accuracy of the FDA
radiation, the choice is oriented towards selective waveforms
like the triangular one. Vice versa, if the main goal of the
radiating system is to pursue a P,,s; minimization, smoother
waveforms, as a raised cosine pulse, should be adopted.
Obviously, the Py,s, drops very fast for increasing values of
the duty cycle since the system tends to a continuous regime
(reached when d = 1) and the harmonic terms start to vanish.
However, in order to guarantee an effective direction-control
of the FDA radiation pattern the pulse duty cycle must be kept
pretty low [25], usually around 0.1 when frequency spacing in
the MHz order are involved. Once this requirement is met, the
resulting TCFDA architecture can be suitably exploited for
accurate  WPT. Further considerations and performance
analysis supported by experimental results are presented in the
following sections for the various TCFDA solutions.

B. Powering Effectiveness

A different investigation on the TCFDA behavior can be
made by varying the periodicity of the pulse T =1/f,,
whereas the amplitude of the transmitted signals and the on-
time of the pulse are considered fixed (the latter equal to 20
ns) to preserve the effectiveness of the TCFDA technique
despite the time variability of the pattern. To evaluate the
power transfer capability of the system, a new figure of merit,
the Powering Effectiveness, is introduced:

PxBW Tobs

Pax T

Powering Ef fectiveness =

a7)

where T,,s iS the observation time in which the powering
process is analyzed (Tops > T), and Pg®* is the maximum
amount of power that can be transmitted, once the on-time and
the delay of the pulse are fixed.

The results for different £, values for a rectangular pulse
shape, presented in Fig. 11, highlight how a higher value of
the pulse periodicity allows to deliver a higher amount of
power, simply because the system is active for a longer period.
The value of 5 MHz is considered as the best scenario, since it
represents the maximum that f,, can reach in accordance with
(7), and therefore leads to a maximization of the Powering
Effectiveness. Indeed, a normalization of the Powering
Effectiveness with respect to its maximum (corresponding to
fp =5 MHz) is performed and the resulting curve is shown in
Fig. 11.

It is worth noting that the exploitation of pulsed-FDA
instead of traditional phased-arrays, when WPT scenarios are
foreseen, is advantageous because of the simpler and more
agile architecture, as previously stated; but this holds from the
powering point of view, too, despite of the pulsed nature of the
radiation. In fact, the pulse maximum power content of a
TCFDA can be increased with respect to the one radiated by a
phased-array, provided that the total mean value in a time-

o 2
o e —

Normalized PE
=

0
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Pulse Frequency [MHz]
Fig. 11. Normalized Powering Effectiveness vs Pulse Frequency

period remains below the regulation limits. In this way, a
generic battery-less sensor can profitably exploit the precise
and periodically transferred amount of RF power sent to its
location. Indeed, let us consider a rectifying antenna
(rectenna) [26], supporting the energy needs of the sensor,
consisting of a voltage doubler loaded by the parallel
connection of a 10 pF capacitance and a 1 kQ resistance. In
this case the time constant for charging the load (which
represents either the rectenna optimum load or the equivalent
impedance of a power management unit (PMU)) is 10 ns. In
this case the 20 ns duration of the pulse allows to guarantee an
effective charging transient (almost 90 % of the maximum
charged state), according to the experimental results of [26].
Furthermore, the pulsed nature of TCFDA signals (different
from the continuous regime of a phased array) with high peak
to average power ratio (PAPR) is very useful in ultra-low
power applications like wake-up radio (WuR) solutions [27],
since the sensitivity of a WPT receiver device could be
noticeably boosted.

VI. MEASUREMENT SET-UP AND PERFORMANCE VALIDATION

\ |

Fig. 12. Measurement set-up in an indoor environment.

A measurement campaign has been conducted to validate the
simulation results. An antenna array of 4 monopoles
resonating at 1.8 GHz is used as the power transmitter, while
at the receiver a horn antenna (TDK RF SOLUTIONS HRM-
0118) is used. A Software Defined Radio (SDR) platform
(Xilinx Zing RFSoC) is adopted to generate and control
simultaneously the signals transmitted by each antenna,
according to the FDA principle. A frequency offset Af =
5 MHz is used among the array elements: hence the radiated
frequencies are 1.8 GHz, 1.805 GHz, 1.810 GHz, 1.815 GHz.
Measurements have been carried out considering a link
distance of 1.5 m (due to the space constraints of the
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Fig. 13. Power Loss vs bandwidth: simulations and measurements
results (rectangular pulse (red), triangular pulse (green), raised cosine
pulse (blue)).
laboratory premises, but still guaranteeing the fulfilment of the
far-field conditions) where the receiving antenna is located in
broadside direction with respect to the transmitting one.
Therefore, the pulse signals, to excite the TCFDA, have been
designed accordingly. A photo of the system set-up is shown
in Fig. 12.

Before  presenting  measurements  results,  some
considerations about the usage of non-ideal transmitting and
receiving elements should be carried out. In particular, the
operating bandwidth of real antenna arrays is limited, and the
radiated power is strongly linked to this interval. In general
terms, the radiation efficiency of the transmitting antenna
system is defined as:

=B, (18)

nr

Where P, is the total available input power, and P is the
effective radiated power that depends on the transmitting
antenna bandwidth. Therefore, the power loss evaluation
considers the effective amount of bandwidth available in
transmission, outside this frequency range no radiation occurs.
The total average signal power P, has been measured over a
band of 300 MHz, that coincides with the bandwidth of the 4-
monopoles array prototype used as transmitter. This value has
been set as denominator in the Py, equation (14), and several
measurements have been performed varying B, (i.e.
measuring different levels of P ). Maintaining the same
operating conditions described in section 1V, and fixing the
pulse duty-cycle to 0.1, a straight comparison of the simulated
and measured Py, ¢ curves is reported in Fig. 13.

As can be observed from the plots, the simulated and
measured curves show the same trends and confirm the
theoretical predictions: indeed, as the bandwidth increases,
P,,ss decreases since a higher amount of harmonic power is
distributed within B,,. Fig 14 shows the comparison of the
P,,ss (measured results only, for the sake of the figure clarity)
resulting not only from the different modulating pulses shapes,
but also from the pulse durations: an increase of f, (hence, a
reduction of the pulse duration) negatively impacts on the loss

of power.

From these measurement comparisons, some concluding
remarks can be drawn. Firstly, by adopting a time control
based on the rectangular pulse, a significant P, reduction is
obtained by reducing f, from 20 MHz to 5MHz. These
results validate the novel idea of exploiting the harmonic
radiations to enhance the effectiveness of TCFDA systems for
WPT purposes. Secondly, if f,, = Af =5 MHz is chosen, the
raised cosine pulse waveform with a = 1 allows for the best
P,,ss Minimization. As a representative example, let us assume
B, = 100 MHz, d = 0.1 and consider different values of
f» and different pulse shapes: the corresponding simulated and
measured P, are derived and reported in Table I.

100
—TCFDA with rect fp = 20 MHz
— 80 —TCFDA with rect fp = 5 MHz
§ TCFDA with tri fp = 5 MHz
g 60 \\ —TCFDA with RC fp =5 MHz
3 \
g 40 \\
=3
€20\~
0 - e —
50 100 150 200 250 300

Bandwidth [MHz]
Fig. 14. Measured Power Loss vs bandwidth, for different pulse
shapes.

The obtained values help a designer in the choice of
TCFDA degrees of freedom: as discussed in Section Ill, the
frequency offset Af defines the FDA pattern periodicity (equal
to 1/Af), and it has an impact on the focusing direction whose
precise value is set by the couple (z,T,,); on the other hand,
Af does not affect the harmonic content discussed in this
work, which strongly depends on the choice of the pulse
frequency f,, as clearly shown by the first two rows of Table
I. As a concluding remark, the present analysis fixes f, = Af
as the best solution to fulfil the main TCFDA performance
requirements, namely the minimization of P, for advanced
WPT applications.

TABLEI
POWER LOsS LEVELS (d = 0.1, B, = 100 MHz)
Pulse Simulation Measurement
Rectangular (f,, = 20 MHz) 53.31 % 54.58 %
Rectangular (f, = 5 MHz) 9.09 % 10.32 %
Triangular (f, = 5 MHz) 5.43 % 5.91 %
Raised cosine (f, = 5 MHz) 0.48 % 0.76 %

VII. CONCLUSION

The favorable exploitation of the harmonic generation in
time-controlled FDA for WPT purposes is theoretically
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investigated and experimentally demonstrated. Through this
analysis, a comparison among different and new driving
pulses is possible: the triangular pulse seems to be the best
choice for future TCFDA systems, offering the best trade-off
between radiation accuracy and P,,,. By means of the
dynamic control of the design parameters of the pulse (width
and delay) and by setting its periodicity coincident with that
one of the FDA radiation phenomena, the selective and target-
aware far-field transmission of power becomes a concrete
possibility. Future works may be oriented towards a
quantitative investigation on the power transfer capability of
TCFDA, and how this task can be optimized through an ad-
hoc selection of the design parameters, according to the
application of interest.
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