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Abstract 
 
In this paper a wide and deep analysis of the complex 
radiating mechanism of frequency diverse arrays (FDAs) 
is provided, by highlighting the strict relationship between 
the angle, range and time dependency of the 
corresponding radiation performance. The capability to 
focus the signal/power in a prescribed region of the space 
is obtained at the expense of a tough architectural 
complexity which makes FDAs a pure theoretical topic, 
up to now. A solution for the practical exploitation of 
FDAs for wireless power transfer application is the main 
goal of this paper. 
 
1 Introduction 
 
The far-field wireless transfer of power (WPT) is a 
challenging research topic whose main obstacle, from the 
practical realization point of view, is the low efficiency of 
the entire link, from the dc power used to bias and 
energize the transmitting side, up to the dc power actually 
delivered to the receiver load. The least efficient block of 
this chain is the radio-frequency transmitting source: this 
poor behavior is not a matter of the components of the 
transmitter itself (i.e., oscillator, amplifier, and antenna), 
but of the philosophy which the transmission is based on. 
Standard transmitting phased-arrays are highly efficient 
radiating architectures able to selectively send the power 
only in a prescribed angle direction; similarly, Bessel 
and/or Gaussian beam-launcher are structures able to 
convey the signal/power in a transversally-controlled 
region, but limited to the near-field region [1-2]. 
The capability to select also the far-field distance where 
the energy has to be concentrated is peculiar to frequency-
diverse arrays (FDAs), where the different frequencies 
radiated by the array elements make this possible [3]. 
Aim of this contribution is to deeply investigate the 
complex behavior of these radiating systems, and to pave 
the way to their practical exploitation for WPT purposes. 
In order to reach this goal, a bi-dimensional array 
operating at millimeter (mm)-wave is considered as a 
future smart power transmitter for Internet-of-Things 
(IoT) applications. 
 
2 Effect of the frequency diversity 
 
In order to quantify the impact of the frequency diversity 
on the radiation performance of an array, let us consider a 
mm-wave array of 16 x 16 patch antennas. All the 

antennas are square patch resonating at 24 GHz, realized 
on a Rogers RO3003 substrate ( r=3.02, tan =0.0016, 
thickness=0.254 mm), with an edge length of 3.56 mm 
(see Fig. 1). As previously explained, the choice of the 
mm-wave range is made because energy focusing for 
future battery-less IoT devices is a mandatory 
requirement. However, all the considerations made in the 
following apply for microwave applications, too. 
 

 

Figure 1. Layout of a planar 16 x 16 patch array, on a 
Rogers RO3003 substrate, for WPT at 24 GHz. 

 
The aim of this Section is to verify the effect of the 
radiation of different frequencies by the array elements. 
The most general situation is that each patch antenna has 
its own frequency, hence the signal in a specific far-field 
point (r, ) (with respect to the phase center of the 
element in position (0,0) of the array) can be cast in the 
following way:  
 ( ) = ,  2 , − ,   (1) 

 
where ,  is the complex excitation coefficient of the 
generic (m, n) patch of the array (in the following 
considered all equal to unity, for simplicity), c is the 
speed of light, ,  and ,  are the corresponding 
radiated frequency and far-field range, respectively. The 
last one can be easily evaluated after some algebraic 
calculations. As per , , the following simple expression 
holds: 
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, = , + ( − 1)∆ + ( − 1)∆  (1) 
 
where , =24 GHz, ∆  is the (constant, in this case) 
frequency shift, equal to 5 MHz in the following 
examples. 
The array factor can be obtained from (1) by dividing it 
by the basis (position (0,0)) element contribution: one can 
note that the corresponding expression becomes 
dependent not only on the angular position (inside ,  
expression) as in standard phased-array, but also on the 
range r (again inside , ), and finally on time (t). 
Let us start from the simpler case where each column of 
the array has the same frequency: this means that in (1) ,  is replaced by = 24 + ( − 1)5 . This 
solution is significantly simpler form the excitation point 
of view, because the envisaged Software Defined Radio 
(SDR) responsible for driving the FDA has to have just 16 
output channels. In this case the beam-pattern (i.e., the 
squared magnitude of the array factor) plot assumes the 
shapes given in Fig. 2, where the pattern in the planes 

=90°, =45°, and =0° are reported. Note that those 
plots include the full-wave contribution of the array of 
Fig. 1. 
From figures inspection, one can note that the focusing (in 
the =0° direction and at the distance r=30 m, in this case) 
is excellent in the first two planes, but it assumes the 
typical (for FDAs) “S” shape [4] in the =0°, hence in the 
plane where frequency-diversity is applied. The S-shape 
means that, in the plane where it occurs, the focusing 
capability is not completely controlled, because the 
maximum is “moving” in the (r, ) plane, hence the target 
point (r, )=(30m, 0°) is not the sole achieved point. But 
this happens in that plane, only. 
 

 

Figure 2. Beam-pattern of the patch array of Fig. 1 in the 
=90°, 45°, 0° planes, when f0,0=24 GHz, f=5 MHz, and 

each element of a column of the array shares the same 
frequency (frequency-diversity is applied to array rows, 
only) . 

 
If the complexity of the array is significantly increased by 
considering the frequency diversity in both rows and 
columns of the array (hence, 256 independent channels to 
be controlled), the corresponding plots of the beam 
pattern are shown in Fig. 3. It is worth noticing that, 

despite the increase of the system complexity, the S-shape 
is still present, this time in the =45° plane. 
 

 

Figure 3. Beam-pattern of the patch array of Fig. 1 in the 
=90°, 45°, 0° planes, when f0,0=24 GHz, f=5 MHz, and 

each element of the array has its own frequency 
(frequency-diversity is applied to both columns and rows 
of the array). 

 
This represents an interesting and novel outcome of this 
investigation: according to these results, it is not 
necessary to invest on an excessive complexity of the 
array in terms of frequency diversity. The problem can be 
partially improved by resorting to a logarithmic 
distribution of the element spacings in the array [5], 
because the S-shape is smoothed. As an alternative, the 
spot of the beam-pattern is guaranteed in all the planes if a 
complex optimization algorithm is run by playing with the 
complex excitation coefficients ,  [6]. 
Therefore, FDAs can be effective for power focusing, 
even with driving architecture not extremely complex. 
 
3 Control of the time-dependency 
 
The complexity of the radiative behaviour of FDA is 
further emphasized by another problem which is often 
neglected in the literature, related to the time-dependency 
of the beam-pattern. This means that, even in the right 
plane (e.g., the =90° one in the previous examples) the 
maximum of radiation is linearly moving with time, as (1) 
also suggests. This issue can be practically solved by 
following the indication preliminary given in [7] and 
widely explained in this paper. As can be seen in Fig. 
4(a), showing the beam-pattern of the case of Fig. 2 (but 
identical behaviour is obtained when the frequency 
diversity is applied at all the array elements) vs. time, the 
maximum at 30 m of the previous examples is obtained 
when the time is exactly 100 ns within the FDA time-
period = 1/∆  = 200 ns. In fact, the plots of Figs. 2, 3 
have been obtained by placing t=100 ns in (1). 
This means that the only way one has for the practical use 
of FDAs for beam focusing is to resort to the previously 
mentioned strategies (i.e., the logarithmic inter-element 
space distribution and/or the complex coefficients ,  
optimization) together with the novelty of this paper, 
consisting in time controlling the excitations through 

=90° =45° =0°

=90° =45° =0°



delayed rectangular pulses ( − ). These pulses must be 
kept always zero except for a narrow time window 
centred around the desired time instant: if the maximum at 
30 m is needed, a pulse with a time window around =100 
ns must periodically (with period = 1/∆ =200 ns, in 
this case) drive all the elements of the FDA. Fig. 4(a) 
superimposes the normalized rectangular pulse (referred 
to the right y-axis) to the beam-pattern. Of course, a high 
power peak will be sent in the short time window in such 
a way to have the required mean power level in the 
period. From Fig. 4 it is easy to find the rule that maps the 
time window onto the desired maximum range: for 
instance, if =50 ns the maximum will be at 15 m. The 
width ∆  of the time window centered around  is an 
additional control parameter that allows to shape the 
dimension of the spot with respect to time in the tri-
dimensional space (r, , t): Fig. 4(b) shows the 
corresponding 3D plot of the beam-pattern when =100 ns 
and ∆ =20 ns 

 

Figure 4. Time-control strategy of the FDA of Fig. 1 with 
frequency-diversity for rows, only. (a) beam-pattern vs. 
time of a standard FDA with the superposition of the 
normalized rectangular pulse; (b) 3D beam-pattern when 
the time control is applied. 

 
4 Conclusion 
 
The potentialities of FDAs have been highlighted in this 
paper. The unique capability of simultaneous angle and 

range selection makes these arrays a promising power 
source. However, their practical implementation for WPT 
applications should be limited by the unavoidable change 
of position of the focusing zone with time. The proposed 
time-control of the array excitation ports through an SDR 
represents a viable solution to FDAs exploitation for 
battery-less devices energization. 
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