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Abstract

A proposed multiband drone shaped fractal antenna (Antenna-1) is introduced in this paper that targets the most required frequencies 

used for radio frequency energy harvesting applications, including WLAN-2.4G, WLAN-5G, WLAN-6G, Mobile DCS1700, Mobile LTE and 

WIMAX services. A novel fractal shape is designed and combined with a standard square geometrical shape in order to implement 

the front patch of the antenna. The antenna is simulated with CST Studio Suite software and fabricated on FR-4 substrate. Different 

antenna stages with parametric study and optimization were implemented to get the best performance from the drone shape fractal 

antenna. The multiband (Antenna-1) supports six resonate frequencies (1.7155 GHz, 2.424 GHz, 3.36 GHz, 3.789 GHz, 5.843 GHz, 

6.886 GHz) with peak gain of (2.83 dBi) at the frequency 2.45 GHz and a maximum bandwidth of (0.4281 GHz) at the frequency 5.8 GHz 

that make it a suitable antenna for radio frequency energy harvesting applications.
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1 Introduction
The most conspicuous energy sources used by ambient 
energy harvesting systems are the wind, solar, thermal, 
and radio frequencies. The maximum power density col-
lected from the wind source is 177 µW/cm2, and the max-
imum power density collected from the radio frequency 
source is 40 µW/cm2 [1]. Were each energy harvesting sys-
tem has its own advantages and disadvantages. The avail-
ability of the ambient sources that exist in a specific geo-
graphical area on the earth is so important for each type 
of energy harvesting system. The dominant advantage of 
the RF ambient source over the other ambient sources is 
its availability, for example, the radio towers are designed 
to always be turned on and available to use as transceiv-
ers for mobile communications, including GSM/UMTS/
WIMAX/LTE/5G services, as well as the wireless routers 
that exist at each home, office and building and are used 
as transceivers for communicating with multiple different 
devices through WLAN-2.4G, WLAN-5G and WLAN-6G 
services. RF energy is an excellent ambient energy source 
since it is used for a wide variety of applications, including 
AM/FM radio, cellular networks, Wi-Fi signals, and digi-
tal/analog TV. Also, the electromagnetic radio waves can 

penetrate through the building's walls and enclosed areas, 
so they can be used for indoor and outdoor applications. 
Also, the small size and lightweight of RF energy harvest-
ing systems compared to other types of energy harvesting 
systems such as (wind turbines) or (solar cell arrays) make 
it a perfect system for portable applications. This paper 
is focused on the receiving antenna, which is the most 
important component of the RF energy harvesting sys-
tems since the receiving antenna determines the amount 
of RF energy that can be collected by the RF energy har-
vesting system, which is converted to a useful DC volt-
age by special rectification circuits. The antenna radiation 
performance (directivity and gain) and the number the 
resonant frequencies that are supported by the receiving 
antenna are important for RF energy harvesting systems. 
The ideal receiving antenna for an RF energy harvest-
ing system should have omnidirectional radiation charac-
teristics with a high gain and should resonate with high 
number of frequency bands that are supported by differ-
ent wireless services, including WLAN and cellular net-
works [1]. The researchers have designed and implemented 
different types of receiving antennas used by RF energy 
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harvesting systems, including low profile antennas and 
multiband antennas [2–16]. From an RF energy harvest-
ing perspective, multiband antennas can be more useful 
because they receiving the RF power simultaneously from 
different radio frequency bands transmitted by different 
RF sources from different locations [17]. Fractal anten-
nas are considered multiband antennas because they can 
generate multiband and wideband frequency response on 
a single antenna [18, 19]. In this paper, a multiband fractal 
antenna with a drone shape geometry has been designed 
and simulated with CST Studio Suite software [20], then 
implemented on an FR-4 substrate due to its low profile 
and low cost. Also, a new fractal shape has been designed 
and used to implement the modified square patch, which 
is the cornerstone structure of this proposed antenna. The 
antenna supports multiple frequency bands that are used 
by different wireless services, including wireless local 
area networks and cellular networks that are required for 
RF energy harvesting applications.

2 Fractal shape design
The design of the new fractal shape starts with an initia-
tor line with a length of (L) as shown in Fig. 1(a), The first 
iteration translates the initiator line to (8) eight equal lines 
with a length of (L/8) for each of them to form the shape 
shown in Fig. 1(b) The next steps are to expand the shape 
of the first iteration by two operations the first one is to 
mirror it on the (Y) axis as shown in Fig. 1(c). Then mirror 
it on the (X) axis to form the shape shown in Fig. 1(d). The 
final shape is shown in Fig. 1(e).

3 Antenna construction
Multiband antennas can be constructed from combining 
fractal shapes with one of different geometrical shapes [19] 
like triangles, square, pentagonal, hexagonal, etc. as shown 

in Fig.  2(c). The first stage of the proposed drone shaped 
antenna is implemented firstly by modifying the standard 
square patch sides in Fig. 2(a) with the fractal shape that was 
designed previously in Fig. 1(e). This will create the modi-
fied square patch shown in Fig. 2(b) and this patch will be 
the cornerstone for implementing the drone shaped antenna.

The total length (Lt) for each side of the modified square 
patch can be calculated with Eq. (1):

Lt x x x x x x
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The perimeter of the modified square patch = 4 × 2x = 8x.
The perimeter of the standards square patch = 4x.
The perimeter ratio between the modified square patch 

and the standard square patch = 8x / 4x = 2x.
It's clear from the previous calculations that the electri-

cal length for each side of the standard square patch will be 
doubled by a factor of 2 after the modifications. This is the 
main advantage of the fractal antenna, which creates lon-
ger electrical lengths and increasing the perimeter length 
of the geometrical shape and also generates more frequen-
cies by using different electrical lengths that correspond to 
the wavelength (λ) for each operating frequency [18].

All the antennas in this paper have been simulated with 
CST Studio Suite software. A standard FR-4 substrate with 
dielectric constant εr = 4.3, a thickness of 1.6 mm and a loss 
tangent (δ) of 0.025 was utilized, Perfect Electrical Conductor 
(PEC) material selected for creating the front patch and the 

Fig. 1 Fractal Shape Design; (a) The Initiator line; (b) The first 
iteration; (c) Mirror shape (b) on Y axis; (d) Mirror shape (c) on X axis; 

(e) The final shape design
Fig. 2 Antenna Construction; (a) Standard square patch; (b) Modified 

square patch; (c) Modified Geometrical Shapes
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back ground plane with [0.035 mm] of thickness. The first 
stage of the proposed antenna is constructed from the modi-
fied square patch that is shown in Fig. 2(b), whereas the sec-
ond stage is implemented by copying and scaling down the 
modified square patch of the first stage using scale factor of 
S = 0.5, then put four of the scaled down modified square 
patches at each corner of the modified patch at stage 1. The 
third stage implemented by copied and scaling down the 
modified square patch of the first stage using scale factor of 
S = 0.25, then put three of them at each corner of the modi-
fied square patches that was created on the second stage. This 
will create the final antenna design as shown in Fig. 3.

The dimensions for each stage of the proposed antenna 
are shown in Fig. 3.

A Full ground substrate and feeding inset width of 
[1 mm] were implemented in the beginning of designing the 
drone shaped antenna. Later at the advanced design stage, 
a defected ground structure (DGS) with slot cut in the front 
patch was implemented in order to get the optimal results.

4 Impact of number of stage on Antenna-1
For multiband antenna, the reflection coefficient S11 is 
the main antenna parameter that shows the antenna 

characteristics and performance at each frequency. Fig. 4 
shows the simulated results of the reflection coefficient 
S11 for each implemented stage of Antenna-1. The simu-
lated results of the reflection coefficient S11 showed that 
the first stage (Antenna-1-a) resonating at four frequencies 
(6.7 GHz) and (5.86 GHz) and (2.1 GHz) and (1.8 GHz) and 
for the second stage (Antenna-1-b) resonating at two fre-
quencies (6.4 GHz) and (2.6 GHz) and for the third stage 
(Antenna-1-c) resonating at four frequencies (6.7 GHz) 
and (5.8 GHz) and (2.4  GHz) and (1.1  GHz). The third 
stage has been selected and studied since it showed the 
best results that meet the needs for RF energy harvesting 
applications since it supports the frequencies of interest 
WLAN 2.4 GHz and WLAN 5 GHz. As shown in Table 1.

5 Parametric analysis for the proposed selected 
(Antenna-1-c)
As mentioned previously (Antenna-1-c) will be carefully 
studied in this paper. 

5.1 Impact of scale up on (Antenna 1-c)
The scaling process on the (Antenna-1-c) has a major impact 
on its performance, since the dimension of the patch antenna 
will be changed and resulting to change the electrical length 
of the radiator (Front Metal Patch) that corresponds to the 
wavelengths of the signal (λ) that inversely proportional to 
the operating frequency and will result to shift the resonat-
ing frequencies left or right of the frequency spectrum that 

Table 1 Simulated results of Reflection coefficient S11 Magnitude in [dB] for each stage of the drone shaped antenna

Antenna Stage Resonating Frequencies Simulated results of Reflection coefficient S11 [dB]

First Stage (Antenna-1-a) (6.7 GHz), (5.86 GHz), (2.1 GHz), (1.8 GHz) (−13.95 dB), (−17.99 dB), (−11.74 dB), (−12.44 dB) 

Second Stage (Antenna-1-b) (6.4 GHz), (2.6 GHz) (−17.44 dB), (−31.34 dB) 

Third Stage (Antenna-1-c) (6.7 GHz), (5.8 GHz), (2.4 GHz), (1.1 GHz) (−12.22 dB), (−32.23 dB), (−15.92 dB), (−12.21 dB) 

Fig. 3 The dimensions for each stage of the drone shaped antenna

Fig. 4 Simulated results of the Reflection coefficient S11 for each stage 
of the drone shaped antenna
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depend on scale up or scale down the antenna. Fig. 5 shows 
the effect of scaling up (Antenna-1-c) on the reflection coeffi-
cient S11 for different scale up factors (1.2), (1.5), (1.7). It's clear 
from Fig. 5 that when increase the scale of the (Antenna-1-c), 
all the frequencies will be shifted to the left of the frequency 
spectrum and the value of the reflection coefficient S11 for 
each frequency will be increased i.e. diminished. this will 
result the lower frequencies be vanished.

5.2 Impact of scale down on (Antenna 1-c)
Fig. 6 shows the reflection coefficient S11 simulated results 
for different scale down factors (0.8), (0.6), (0.3) applied to 
(Antenna-1-c). It's clear from Fig. 6 that when decrease the 
scale of the (Antenna-1-c) all the frequencies will be shifted 
to the right of the frequency spectrum. Also the simulated 
results show the frequencies (2.4 GHz) and (1.1 GHz) shifted 

to the right of the frequency spectrum and the frequency 
(6.7 GHz) and (5.8 GHz) vanished since the frequency spec-
trum range studied are from (1 GHz to 7 GHz). Also, the 
value of the reflection coefficient S11 decreased i.e. improved 
for the scale factor =  (0.8) and  (0.5) for the frequencies 
(2.4 GHz) and (1.1 GHz). The simulated results confirmed 
that the resonating frequencies are dependent on the electri-
cal lengths of the (Antenna-1-c) radiator patch that directly 
impacts the wavelength (λ) for each operating frequency.

5.3 Impact of changing the ground plane length for 
(Antenna 1-c)
A lot of research was made to study the effects of chang-
ing the dimensions or shape of the ground plane of the 
Microstrip patch antenna. It's confirmed that there is an 
impact on the performance of the antenna bandwidth, radia-
tion pattern, gain, and shifting the resonating frequency [21]. 
Fig. 7 shows the simulated results for the reflection coefficient 
S11 after changing the ground plane length for (Antenna 1-c) 
for the values [25 mm, 50 mm, 75 mm, 100 mm] and keep-
ing the ground plane width constant for [100 mm]. The best 
and optimal simulated results from Fig. 7 is by keeping the 
ground plane length for (Antenna 1-c) to be 100 mm.

5.4 Impact of changing the ground plane width for 
(Antenna 1-c)
Fig. 8 shows the simulated results for the reflection coef-
ficient S11 after changing the ground plane width for 
(Antenna 1-c) for the values [25  mm, 50  mm, 75  mm, 
100 mm] with keeping the ground plane length constant 
for [100 mm], The simulated results showed major impact 
on the reflection coefficient S11 when changing the ground 

Fig. 5 Simulated results of Reflection coefficient S11 for different scale 
up factor of (Antenna-1-c)

Fig. 6 Simulated results of Reflection coefficient S11 for different scale 
down factor of (Antenna-1-c)

Fig. 7 Simulated results of Reflection coefficient S11 for different 
ground plane length of (Antenna-1-c)
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plane width from [100 mm] to [75 mm], this will generate 
new frequency band from (2.13 GHz to 2.32) with reflec-
tion coefficient S11 magnitude of [−39.6 dB], and the reflec-
tion coefficient S11 magnitude increased for the frequency 
bands (5.8  GHz) and (2.4  GHz) and (1.1  GHz), Also for 
the simulated results showed the impact of changing the 
ground width from [100 mm] to [50 mm] will shift the fre-
quency band (2.4 GHz) to the left and shift frequency band 
(5.8 GHz) to the right of the frequency spectrum.

5.5 Impact of changing feeding inset width for 
(Antenna 1-c)
Different feeding inset width values [1 mm, 2 mm, 3 mm, 
4  mm] for (Antenna-1-c) were applied and Simulated, 
Fig. 9 shows the simulated results for the reflection coef-
ficient S11. The simulated results shows that increasing 
the feeding inset width for (Antenna-1-c) will increase 

the magnitude of the reflection coefficient S11 for some 
frequencies while decrease it for others without any fre-
quency shifting also the frequency band (6.7  GHz) has 
been disappeared, This is the major impact for increasing 
the feeding inset width since it's directly affect the match-
ing impedance of the Antenna.

6 (Antenna-1-c) Optimization
To get the optimum results from (Antenna-1-c), new mod-
ifications were introduced, (slot cut) were applied to the 
front patch the (Radiator) of (Antenna-1-c) also defected 
ground structure (DGS) were applied to antenna ground 
plane [21]. Firstly, the slots were implemented by scaling 
down the modified square patches that were previously 
created on different antenna stages shown on Fig. 3 with 
scale factor of S = 0.25, Then subtract it from the center 
of all modified square patches for each stage to implement 
the new optimized (Antenna-1-d) that shown in Fig. 10. 
Also, the new defected ground structure is implemented 
by scale up the front patch with scale factor of S = 1.1 then 
subtract the front patch (Radiator) from the full square 
ground plane on the back of the substrate to create the new 
defected ground structure that shown in Fig. 10 Also, the 
feeding inset shifted by [0.82 mm] to the left as shown in 
the dimensions of the optimized (Antenna 1-d) in Fig. 11.

7 Comparison between optimized (Antenna-1-d) and 
(Antenna-1-c)
The simulated results of the reflection coefficient S11 for 
the optimized (Antenna-1-d) shows major performance 
improvements compared to the results of (Antenna-1-c) as 
shown in Fig. 12, More resonating frequencies appeared 
in the frequency spectrum (3.789  GHz, 3.36  GHz, 
1.7155 GHz), Also the bandwidth increased significantly 
For the resonating frequencies (2.4 GHz) and (5.7 GHz), 
Table 2 shows more details for the optimized (Antenna-
1-d) bandwidth, Gain and Directivity in [dBi] also the 

Fig. 8 Simulated results of Reflection coefficient S11 for different 
ground plane width of (Antenna-1-c)

Fig. 9 Simulated results of Reflection coefficient S11 for different 
feeding inset width of (Antenna-1-c)

Fig. 10 Front patch with slot cut and the defected ground structure of 
(Antenna-1-d)
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wireless RF applications for each resonating frequency 
supported by optimized (Antenna-1-d).

Fig. 13 shows the simulated 3D radiation pattern of the 
directivity magnitude in [dBi] for some of (Antenna-1-d) 
supported frequencies. Also, Fig. 14 shows the simulated 
2D radiation pattern.

8 Discussion and experimental results 
The optimized drone shaped fractal antenna is fabricated 
using PCB technology on FR-4 substrate as shown in 
Fig. 15. Furthermore, Fig. 16 shows a comparison result 
of the normalized 2D radiation pattern between the sim-
ulated and the practical (Antenna-1-d). Also, Fig.  17 
shows comparison results of the reflection coefficient S11 
magnitude in [dB] between the simulated and the prac-
tical fabricated (Antenna-1-d). Fig.  18 shows the exper-
imental setup and the testing environment. In addition, 
the results show that the proposed antenna has perfor-
mance improvements compared to other proposed works 
shown in Table 3. Since the proposed optimized antenna 
supports more resonating frequencies, that covers more 
wireless services needed for RFEH applications. Also, 
the proposed antenna  (Antenna  1-d) achieved a good 
gain for most of its operating frequencies with respect to 
its size and thickness, given that it has a much smaller 
substrate area than [4, 13], and [14] , and is much thin-
ner than [4,  7,  11], and  [14]. It should be mentioned as 
well that the FR-4 substrate is less expensive than the 
(Rogers RT6002), (Arlon 25N), and (Rogers 3003) sub-
strates, and the gain of any antenna is directly propor-
tional to its physical size and thickness [22].

Table 2 Simulated results for the final design of the proposed drone shaped antenna (Antenna-1-d) after optimization

Resonating 
Frequency 
(GHz)

Return Loss 
(S11)
(dB)

Minimum 
Frequency 

(GHz)

Maximum 
Frequency 

(GHz)

Band width 
(GHz)

Directivity 
(dBi)

Peak Gain 
(dBi) Applications

1.7155 −14.15 1.6901 1.7463 0.056216 4.603 2.785 dBi @ 
1.7458 GHz Mobile DCS 1700, Mobile LTE

2.424 −19.73 2.299 2.5978 0.29883 5.196 2.83 dBi @ 
2.45 GHz WLAN, WIMAX, Mobile LTE

3.36 −35.83 3.3206 3.4036 0.083023 5.504 −0.79 dBi @ 
3.36 GHz WIMAX, Mobile LTE

3.789 −19.9 3.7373 3.8561 0.11883 4.017 −1 dBi @ 
3.856 GHz WIMAX, Mobile LTE

5.843 −19.36 5.6835 6.1116 0.4281 6.404 2.51 dBi @ 
5.8512 GHz WLAN, WIMAX, Mobile LTE

6.886 −15.33 6.7797 7.007 0.2273 6.895 2.165 dBi @ 
6.886 GHz WLAN, Mobile LTE

Fig. 11 The Dimensions for the optimized (Antenna-1-d)

Fig. 12 Simulated results of the Reflection coefficient S11 for the 
optimized (Antenna-1-d) and (Antenna-1-c)
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9 Conclusion
The proposed multiband fractal drone shaped antenna 
was carefully studied and modified step by step to achieve 
some of the requirements of RF energy harvesting appli-
cations. The optimized antenna (i.e. Antenna-1-d) targets 
the RF frequencies of WLAN 2.4G, WLAN 5G, WLAN 
6G, WIMAX, Mobile DCS1700, and Mobile LTE ser-
vices, three stages of (Antenna-1) were designed and sim-
ulated which are (Antenna-1-a), (Antenna-1-b), (Antenna-
1-c) using CST Studio Suite software and only the 
optimized version the (Antenna-1-d) was fabricated using 
FR-4 substrate. Different techniques including defected 

ground structure (DGS) and slot cuts were implemented 
during the optimization process to reach the final design 
of the proposed Antenna-1 (i.e. Antenna-1-d), The simu-
lated results showed that (Antenna-1-d) has a good direc-
tivity and gain for most of the supported frequencies also 
the measurement results of the reflection coefficient S11 

and the normalized 2D radiation pattern showed accept-
able tolerance error with the simulated results taking into 
account the fabrication difficulties due to the fine detail 
of fractal geometries that implemented on both of the 
front patch and back defected ground structure of the 
antenna also the small slot cuts, and the imperfect testing 

Fig. 13 Simulated 3D radiation pattern of the Directivity magnitude in [dBi] for some of (Antenna-1-d) supported frequencies
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Fig. 14 Simulated 2D radiation pattern of the Directivity magnitude in [dBi] for some of (Antenna-1-d) supported frequencies

Fig. 15 Photograph of the physical structure of the proposed (Antenna-1-d)
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environment since there is no fully anechoic chamber 
were available in the university where the measurement 
was recorded. The antenna supports six resonating fre-
quencies (1.7155 GHz, 2.424 GHz, 3.36 GHz, 3.789 GHz, 
5.843 GHz, 6.886 GHz) that provides a redundant mecha-
nism for any RF energy harvesting system by supporting 
variety of wireless services in order to collect more radio 

frequency ambient energy from different transmitting 
sources by interface the antenna with the appropriate rec-
tification circuits. Also, the antenna achieves high band-
width especially for the frequencies 2.4 GHz and 5 GHz, 
which are the most required frequencies for RF energy 
harvesting applications.

Fig. 16 The normalized 2D radiational pattern for (Antenna-1-d) showed the simulated and the practical measured results

Fig. 17 The Reflection coefficient S11 magnitude in [dB] for both the 
simulated and the practical fabricated (Antenna-1-d)

Fig. 18 Testing environment used to measure the normalized 2D 
radiation pattern for the proposed (Antenna-1-d)
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1.7155 GHz, 2.424 
GHz, 3.36 GHz, 3.789 

GHz, 5.843 GHz, 6.886 
GHz

Peak Gain [dBi] 2.2 dBi @ 2.45 
GHz Not available 4.18 dBi @ 2.45 

GHz

8.15 dBi @915 
MHz, 7.15 dBi @ 
1.850 GHz, 8.15 
dBi @ 2.15 GHz 

7 dBi @ 2 GHz, 
5.5 dBi @ 2.5 

GHz, 9.2 dBi @ 
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GHz, 2.83 dBi @ 2.45 

GHz, –0.79 dBi @ 
3.36 GHz, –1 dBi @ 

3.856 GHz, 2.51 dBi @ 
5.8512 GHz, 2.165 dBi 

@ 6.886 GHz

Band Width 
[GHz] (2.4 – 2.51) GHz (0.9 – 1.1) GHz, 

(1.8 – 2.5) GHz Not available Not available (2.4 – 2.48) GHz, 
(3.3 – 3.8) GHz

(1.6901 – 1.7463) GHz, 
(2.299 – 2.5978) GHz, 
(3.3206 – 3.4036) GHz, 
(3.7373 – 3.8561) GHz, 
(5.6835 – 6.1116) GHz, 
(6.7797 – 7.007) GHz,

Remarks

There is just one 
frequency band 

supported by 
the antenna.

The maximum 
peak gain is not 

clarified, and it is 
larger in size. 

Only two 
frequency bands 

are supported and 
the thickness is 
much higher.

larger and thicker, 
and lacking in 

supporting WLAN 
frequency ranges.

It is Bigger in size 
and significantly 

thicker.

The Advantages 
of our proposed 
work

Achieved 
higher gain at 
2.45 GHz. and 
thinner in size 

and support 
More frequency 

bands 

More frequency 
bands are 

supported, it is 
smaller in size, 
and the FR-4 

substrate is less 
expensive than the 
Rogers RT6002.

FR-4 substrate 
is less expensive 
than Arlon 25N, 
and it is thinner 
and supports a 
wider range of 

frequency bands.

The FR-4 substrate 
is less expensive 
than the Rogers 
3003, and it is 

smaller, thinner, 
and capable of 

supporting a wider 
range of frequency 

bands.

It is thinner 
and smaller, 

and it covers a 
wider range of 
frequencies.
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