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In this article, an inkjet-printed tree-shaped fractal antenna 
(FA) with a small metal footprint is presented along with its 
method of fabrication on a flexible substrate. The antenna 
includes a tree-shaped fractal part, a tapered matching line, 

and a  coplanar waveguide (CPW) line with filleted grounds. 
The fractal tree is formed by repeating a scaled V-shaped unit 
cell in each iteration. As the fractal iterations of the antenna 
are increased, the resonance frequency of the antenna shifts 
in a large range of frequencies while its radiation properties, 
dimension, and metal footprint remain almost constant. Six 
different versions of the proposed FA were fabricated by an 
inkjet printer on a flexible substrate, and their characteristics 
were measured. Simulation and measurement results showed 

that a 16% increase in the antenna’s metal footprint shifts the 
resonance frequency from 16.38 GHz to 5.08 GHz. The shift 
of 3.22 times of the resonance frequency after four iterations is 
61% higher than the state of the art of tree-shaped FAs in the 
literature. The proposed FA provides a 1.36-GHz bandwidth 
(BW) and a torus-shaped far-field radiation pattern with a 92° 
half-power beamwidth (HPBW) in the azimuth direction at 
5.08 GHz, whereas the wavelength-normalized metal footprint 
is 87% smaller than a rectangular patch antenna and at least 
60% smaller than other similar FAs. The area of the proposed 
antenna is more than 3.54 times smaller than similar FAs in 
the literature. The proposed flexible FA weighs about 2.08 g, 
of which 1.54 g is the weight of its SMA coaxial connector. The 
antenna thickness is 130 µm. The lightweight construction and 
low profile of the miniaturized antenna make it a good candi-
date for spaceborne and wearable applications.
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DEMAND FOR SMALL FAs
Antennas are key elements in many communication and sensing 
systems. As these systems become more integrated, reducing 
the size of the antennas in these systems becomes both more 
demanding and essential. Phased-array antennas in multiple-
input, multiple-output technologies [1], [2] and satellite com-
munications systems [3], [4] demonstrate this ever-increasing 
demand. Sparse, dense, or random antenna arrays in imaging 
systems [5]–[7] are other examples of this trend. However, in 
many modern applications, the antenna size is not the only 
problem; the physical metal footprint of the antenna needs to be 
miniaturized as well, for example, foldable phased-array anten-
nas that can be deployed on solar cell panels of satellites, such as 
CubeSats. These phased arrays not only have to be lightweight, 
flexible, and low profile, but also, they should be transparent as 
much as possible to not shadow solar cells. Material inkjet and 
roll-to-roll printing, as new fabrication methods for antennas, 
make it possible to fabricate large, transparent, flexible, and 
lightweight arrays of antennas [3], [4], [7], [8]. While there are 
almost transparent substrates available in printing, metal inks 
are usually opaque. Additionally, the ink consumption, as the 
most expensive part of the printing process, is directly propor-
tional to the metal footprint and keeps the printing cost high.

Reducing electromagnetic interference between an antenna 
and the other components of antenna-integrated devices or cir-
cuits like those in [2] and [9] is another example of the need to 
decrease the antenna metal footprint in addition to miniaturizing 
the antenna’s dimensions. FAs that employ the idea of lengthening 
the antenna perimeter instead of enlarging the physical area of the 
antenna (to increase its effective area) are one of the most effec-
tive solutions for this problem. Folding a straight line repetitively 
in different self-similar patterns (also known as Koch curves) to 
increase the antenna’s perimeter is one commonly used technique 
[1], [10]–[16]. However, after several iterations, the input imped-
ance of these antennas becomes too high or too low, which makes 
the antenna difficult to be fed [10], [13], [15], [17]. Therefore, 
antennas made by this method are usually of the narrow-band 
variety. Another technique to decrease the metal footprint of FAs 
is to repetitively create self-similar slots in a monopole or a patch 
antenna [18]–[21] (also known as Sierpinski gaskets). Antennas 
realized by this method can support wider BW; however, this 
method usually does not make the antenna smaller [16], [18]–[20].

Tree-shaped FAs are another family of FAs that are studied 
for their multiband resonance and high filling factor [16], [22]–
[25]. In [26], a rectangular tree-shaped FA is demonstrated for 
dual-band coverage, and notches are introduced to reduce the 
crosstalk between the two bands. An impedance transformer is 
used by Chen [25] to achieve a wideband performance using the 
adjacent multiple resonances of the FA. The reconfigurable 3D 
wire tree-shaped FA in [23] demonstrated shifting the resonance 
frequency of the antenna by switching between different itera-
tion stages of the FA. Also, the end-load technique in such an FA 
is studied to achieve further miniaturization in [22]. In almost 
all of these previously proposed FAs, the resonance frequency 
shift after enough iterations is usually less than two times that 
of the resonance frequency of the first iteration. In this article, 

a tree-shaped structure is used to create an FA that has a very 
small metal footprint. The V-shaped branches of the tree are unit 
cells that are repeated at each iteration and do not require much 
space. Like Koch curve FAs, the tree-shaped structure occupies 
a very small metal footprint. However, the structure is not suf-
fering from high input impedance compared to Koch curve FAs. 
In fact, because of the combination of series and parallel paths in 
the tree, the input impedance behavior of the antenna does not 
change significantly by increasing the fractal iteration, and it shifts 
only toward lower frequencies. This allows the input impedance 
to shift only over frequencies preserving the antenna BW over 
different iterations. By increasing the number of iterations, the 
resonance frequency ( )fr  of the antenna rapidly shifts toward 
lower frequencies by more than three times while the antenna 
dimension and metal footprint are approximately constant.

The tree-shaped structure is fed by a 50-Ω CPW line with 
filleted grounds. Filleting the ground planes of the CPW not 
only reduces the metal footprint but also increases its BW by 
providing in-phase reflection from grounds at more frequen-
cies. The fr  of the antenna can be easily tuned by adjusting 
the length of a tapered line placed in between the tree and the 
CPW line. Different versions of the proposed FA are printed 
on a thin, light, and flexible Kapton NH500 sheet by a Dimatix 
(Fujifilm, Tokyo) material printer. Unlike the bulky 3D wire 
FAs, the antenna and fabrication method proposed here result 
in a very lightweight (2.08 g) and low-profile (about 130 µm) 
device. The large reduction of the metal footprint in the pro-
posed FA makes the ink needed for its fabrication only 13% 
of the ink needed for printing a rectangular patch antenna at 
the same frequency. In addition to the footprint reduction, the 
dimensions of the proposed FA are approximately half of the 
dimensions of a rectangular patch antenna.

TREE-SHAPED FA

DESIGN
The antenna proposed here is a monopole that is composed of a 
fractal tree-shaped part, a CPW line with filleted grounds, and 
a tapered line connecting the tree-shaped part and the CPW 
line to provide the impedance matching. Figure 1 shows the 
geometry of the proposed FA. The antenna design starts with 
a V-shaped dipole fed by a tapered CPW line. Then, the tree-
shaped fractal part is formed by repeating a scaled V-shaped unit 
cell, which is illustrated in Figure 1(c). The length of the unit 
cell can be calculated based on (1), where r  is the scaling factor 
and n is the number of fractal iterations. Figure 1(c)–(f) depicts 
the FA for the three first iterations, while Figure 1(a) and (b) 
illustrates the fourth iteration of the antenna in more detail. With 
each fractal iteration, the resonance frequency of the antenna 
shifts toward smaller frequencies. After four or five iterations, 
the fractal operation is usually achieved. Next, the impedance 
of the antenna can be matched with the 50-Ω CPW line at dif-
ferent frequencies by changing the length of the tapered line, 

.Xmat  The filleted grounds of the CPW line not only reduce the 
metal footprint but also enhance the antenna BW by providing 
in-phase reflections at different frequencies. The radius of the 
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filleting is another parameter to provide matching between the 
antenna and the feed line. Usually, three to five times the middle 
linewidth is required for the width of the CPW line grounds. 
While here, by filleting the ground pads, the width is reduced to 
1.07 times that of the width of the middle line, which makes the 
antenna even more compact. Finally, by tuning the radius of the 
filleted grounds, BW of the antenna can be optimized.

 , , , ,b r b n 1 2 3n
n 1 f= -  (1)

Kapton 500 HN with a 127-µm thickness, a dielectric constant 
of 3.5, and a tangent loss of 0.0026 is used as a flexible substrate 
with unit weight of 181 .g/m2  The flexibility of Kapton and its 
effects on antenna performance were studied in our group’s 
previous work [27]. The CPW line is designed to have a 50-Ω 
characteristic impedance to be matched with standard SMA 
coaxial connectors. Then, the length and number of unit cells 
are optimized using the finite element solver of Ansys Electron-
ics Desktop [28] so that the antenna resonates at 5 GHz after 
four iterations. It is notable that there is not any ground plane on 
the back side of the substrate. The distance between the CPW 
grounds and the tree-shaped part, ;Xmat  the number of iterations, 

;n  and the scaling factor, ,r  are parameters to control the antenna 
resonance frequency .( )fr  The effects of these elements are stud-
ied in the section “Simulation and Measurement Results.”

FABRICATION
The antenna is printed using a DMP-2800 Dimatix Material 
Inkjet Printer with Novacentrix (Austin, Texas) Metalon JS-B40G 
silver ink. The printer can produce positive features as small 

as 20 µm. First, the substrate is treated using Xylene to slightly 
increase the hydrophobicity of Kapton. This prevents the silver 
ink from spreading on the substrate and gives the Kapton a more 
homogenous surface charge. Additionally, to neutralize any accu-
mulation of static charges that could prevent the uniform spread 
of the ink over the surface, the substrate is exposed to an ionizing 
air blower for 30 s [29]. These two processes in combination help 
to minimize the spreading and dewetting observed of the silver 
ink. There were 12 layers of printing done to reach a 5-µm thick-
ness for all of the metal traces, which is about five times of silver 
skin depth at 5 GHz. Then, the sample is thermally cured for 1 h 
at 450 °F. Finally, the coaxial connector is installed to the antenna 
using conductive silver epoxy, and the sample is cured again 
for 2 h at 150 °F. The presented fabrication method provides a 
strong adhesion between the silver ink and the flexible substrate. 
No exfoliation or cracks were seen for bending radii as small as 
8 mm. The antenna weighs 2.08 g, of which 1.54 g is the weight of 
the SMA coaxial connector. The lightweight construction makes 
the proposed fabrication method and the antenna suitable for 
spaceborne and wearable applications. Figure 1(c) portrays the 
flexibility of both Kapton and the printed silver. Figure 2 shows 
the printed samples of the proposed FA after curing. As can be 
seen in the right and middle antennas of Figure 2(a), which cor-
respond to .r 0 9=  and . ,r 0 75=  respectively, two unit cells that 
should have been in the center of the tree in the left sample of 
Figure 2(a) are omitted to prevent self-intersection. This condi-
tion happens for some values of , ,r a  and b and at high values of 

.n  However, the desired properties of the FAs are usually real-
ized after three or four iterations.
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FIGURE 1. The (a) designed and (b) fabricated FA with fourth iteration of the proposed tree-shaped fractal part of the antenna, where 
r = 0.75, a = 0.5 mm, and b = 2 mm. (c) The V-shaped unit cell of the FA and (d)–(f) the three first iterations of the proposed antenna. 
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SIMULATION AND MEASUREMENT RESULTS
First, different versions of the proposed FA were designed 
and simulated using Ansys Electronics Desktop [28] and were 
fabricated as described in the previous section. Then, the reflec-
tion coefficient of the printed antennas was measured using 
an Agilent Technologies (Santa Clara, California) network ana-
lyzer N5230A. For far-field radiation measurements, the FAs 
are mounted on a rotating stage in an anechoic 
chamber as a transmitter, which is connected 
to an Agilent signal generator E8257D. A stan-
dard horn antenna is used as a receiver that 
is connected to a Hewlett-Packard spectrum 
analyzer 8563E to receive radiated waves from 
the FAs in the far field.

The measurement and simulation results 
of the reflection coefficients of the four first 
iterations of the proposed FA are illustrated in 
Figure 3, where . ,r 0 75=  . ,a 0 5 mm=  and 

.b 2 mm=  Miniaturization can be explic-
itly seen in this figure, where without actu-
ally scaling the antenna, fr  is reduced from 
16.38 to 5.08 GHz when n varies from n 1=  
to .n 4=  Therefore, 3.22-times miniaturiza-
tion is achieved when the antenna footprint is 
increased by 16% and the antenna dimensions 
are almost constant.

As mentioned previously, the resonance 
frequency of the antenna can be easily tuned 
by changing .Xmat  Figure 4 displays the simu-
lation results; by varying Xmat  from 2 to 4 mm, 
a resonance frequency shift from 4.72 GHz to 
5.64 GHz is achieved. An even greater tuning 
range of fr  can be achieved by optimizing the 
scaling factor, ,r  and the radius of the filleted 
grounds. To decrease the antenna’s footprint, 
the largest filleting radius or equivalently the 
smallest grounds are desired, as long as the 
required BW and resonance frequency are achieved. To design 
the antenna for the minimum footprint, first the largest possible 
filleting radius should be chosen and then r  and Xmat  should be 
optimized for the desired BW and operation frequency. Fig-
ure 5 shows this fact by measurement and simulation results 
where fr  shifts from 4.48 to 6.86 GHz by changing r  from 
0.9 to 0.5. In fact, for a fixed a in (1), a larger r  results in more 
inductive impedance of each unit cell and, consequently, more 
inductive input impedance of the antenna. So, increasing r  
reduces the resonance frequency as demonstrated in Figure 5.

All the fabricated antennas have a torus-shaped far-field 
radiation pattern except the antenna with n 1=  and .r 0 75=  
[depicted in the left of Figure 2(b)], which has its measured 
radiation pattern depicted in Figure 6(a). For the sake of brev-
ity, the measured radiation patterns of the antenna with n 4=  
and .r 0 75=  is shown in Figure 6(b) as a representative of all 
other antennas. As can be seen in Figure 6, the proposed FA has 
a very wide HPBW that makes it suitable for phased-array and 
synthetic-array applications with a wide range of beam steering.

DISCUSSION
The proposed FA can be easily tailored for different frequencies 
as shown in Figures 3–5. As mentioned in the previous section, 
the radiation pattern of the antenna is almost insensitive to the 
frequency-tuning parameters of the antenna (like Xmat, ,n  and 
.)r  From Figures 3 and 5, the BW of the printed antennas can 

be calculated. Fractional BW of the proposed antenna with 

(a)

(b)

FIGURE 2. The printed antennas on Kapton using silver ink where, in (a), n = 4 
and, (from left): r = 0.90, r = 0.75, r = 0.50, and all other parameters are the same 
as Figure 1. In (b), r = 0.75 and, (from left): n = 1, n = 2, and n = 3, respectively. 
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FIGURE 3. The measured and simulated reflection coefficients 
of the proposed FA depicted in Figure 1 for four first iterations, 
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.r 0 75=  is equal to 17.2, 26.5, 29.4, and 26.7% when n varies 
from n 1=  to ,n 4=  respectively. Therefore, the fractional 
BW remains approximately constant when fr  shifts from 16.38 
to 5.08 GHz, although the metal footprint of the antenna is 
increased by only 16%. Also, by increasing ,n  the radiation pat-
tern of the antenna remains approximately unchanged where 
HPBW in the azimuth direction is about 88°. It is notable that 
since the tree-shaped pattern of the FA has not been formed 
yet at the first iteration where ,n 1=  the frequency response 
and radiation pattern of the first iteration are somewhat differ-
ent from higher-order iterations. That said, in most FAs, seeing 
the behavior of the antenna at higher iterations is desired, as the 
frequency independency of the proposed antenna can be seen 
more clearly for .n 2>  In contrast to some FAs (e.g., [19]) that 
represent a large gain drop by increasing their fractal iteration, 

the proposed antenna experiences only 2.4 dB of gain drop 
when n varies from n 1=  to .n 4=

In our group’s previous work [4], [8], rectangular patch 
antennas were used as the antenna element for the printed 
antenna arrays. The dimensions needed for a rectangular patch 
antenna to resonate at 5 GHz on the Kapton substrate used 
here are 16.01 mm × 20 mm [17]. Also, a ground plane with 
approximately the same dimensions is needed for the patch 
antenna. So, the metal footprint of the patch antenna would 
be 640 .mm2  The metal footprint of the proposed antenna is 
about 13% that of the patch antenna’s size, which means an 
87% reduction in ink consumption compared to printing the 
simple patch antennas. The proposed antenna provides a wider 
BW and HPBW compared to the rectangular patch antenna, 
while its gain is 2-dB smaller than the patch antenna. Table 1 
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summarizes the measurement results of the proposed FA and 
compares them with the parameters of the patch antenna used 
in [4]. According to Figure 1, the area of the proposed FA is 
smaller than half of the area of the patch antenna. Also, the 
proposed FA is compared with seven other state-of-the-art FAs 
[21], [26], [30]–[34], and the results are presented in Table 1. 
More detailed comparisons between the dimensions of different 
types of FAs can be also found in [30] and [31].

It is noteworthy to mention some of the fabrication and 
measurement errors that make for a slight difference between 
measured and simulated results. Printing multiple layers of the 
silver ink on top of each other makes the ink expand a little and 
causes minor variations in the final dimensions of the sample. 
Also, the coaxial connectors used here are intended to work 
at up to 18 GHz and can cause measurement errors at higher 
frequencies (see the dashed curve in Figure 3 correspond-
ing to ) .n 1=  Another origin of the differences between the 
measurement and simulation results is the conductivity of the 
silver nanoparticles in the ink, which is variable and usually dif-
ferent from the bulk silver conductivity used in the simulations. 
Moreover, the surface roughness of the printed silver after cur-
ing is neglected in the simulations. All said, the inkjet-printing 
method employed in this article to fabricate the proposed 
antenna shows a superior performance in many aspects, such as 
flexibility and weight, than the antennas fabricated using classic 
board-printing methods.

As presented in Table 1, different articles have employed 
fractal structures to miniaturize an antenna. Although they 
might be designed for different applications, their success in 
miniaturization can be assessed by comparing the ratio of the 
footprint to the squared resonance wavelength as their normal-
ized footprint. On the basis of the calculations provided in the 
last column of Table 1, the proposed tree-shaped FA in this 

article has about a two-times smaller normalized footprint com-
pared to other FAs. Among the FAs, tree-shaped FAs offer one 
of the highest filling factors due to their low quality factor [24]. 
This makes them one of the best candidates for miniaturization. 
Aside from the normalized footprint presented in Table 1, the 
ratio of the resonance frequency after sufficient iterations ( )f ,r n  
to the resonance frequency of the first iteration ( )f ,r 1  can be 
considered as another figure of merit to study the effectiveness 
of the fractal scheme in miniaturization. Although end-loading 
or 3D structures are used to achieve more miniaturization for 
tree-shaped FAs in the literature [16], [22]–[25], f f, ,r n r 1  has 
remained less than two. However, as depicted in Figure 3, a 
f f, ,r n r 1  of 3.22 is realized by the proposed antenna, which is 

the highest in tree-shaped FAs to the best of our knowledge.

CONCLUSIONS
The proposed small tree-shaped FA in this article reduces the 
ink consumption by 87% compared with a rectangular patch 
antenna and at least 60% compared with other state-of-the-art 
FAs, which means reducing the cost of antenna printing. It also 
provides a wide BW and beamwidth and is lightweight and 
flexible. The tree-shaped FA proposed here has at least a 70% 
smaller area compared to other FAs listed in Table 1. Benefit-
ing from the fractal structure, the resonance frequency of the 
antenna shifts in a wide range of frequencies by using different 
iterations of the fractal structure, while its radiation parameters 
and metal footprint remain approximately constant. Thanks to 
the branching structure of the fractal part of the antenna, its 
input impedance does not change too much by increasing the 
fractal iterations, and it shifts only toward smaller frequencies. 
These properties make the antenna very suitable for large print-
ed phased-array antennas as well as arrays with dense or random 
spacing between elements.

TABLE 1. PERFORMANCE COMPARISON OF DIFFERENT FAs.

Antenna fr (GHz) BW (GHz) HPBW (deg)
Peak Gain  
at fr (dBi)*

Metal  
Footprint (mm2)

Metal  
Footprint/(λr)2 Area (mm2) Area/(λr)2

Proposed FA . ,r 0 75=  n 1= 16.38 2.83 72 1.6 70.20 0.2093 16 × 13.2 0.6296

Proposed FA . ,r 0 75=  n 2= 7.71 2.05 88 0.9 75.53 0.0499 16 × 13.2 0.1395

Proposed FA . ,r 0 75=  n 3= 5.76 1.71 88 0.1 79.07 0.0291 16 × 13.2 0.0779

Proposed FA . ,r 0 75=  n 4= 5.08 1.36 92 –0.8 82.38 0.0236 16 × 13.2 0.0606

Proposed FA . ,r 0 50=  n 4= 6.86 1.88 92 0.4 77.89 0.0407 16 × 13.2 0.1104

Proposed FA . ,r 0 09=  n 4= 4.48 1.56 90 –1.7 95.51 0.0213 16 × 13.2 0.0471

Patch antenna [4] 5.20 0.38 72 1.2 640 0.1923 25 × 22 0.1652
Hexagonal FA [21] 14.1 22.2 30 6.4 ~350 0.7732 25 × 30 1.6568
Hexagonal Sierpinski [30] 20.4 33 ~70 7 337 1.5583 30 × 28 3.8842
Minkowski FA [31] 1.85 2.7 ~70 4.08 >8500 0.3232 108 × 135 0.5544
Dual-reverse-arrow [32] 2.4 0.1 ~50 7 ~830 0.0531 ~80 × 80 0.4096
Giuseppe Peano FA [33] 2.5 2.75 ~40 4.6 900 0.0625 60 × 60 0.2500
Cross slot tree FA [34] 2.45 0.13 ~90 4 2391.45 0.1595 50 × 50 0.1667
Rectangle tree FA [26] 6.85 7.5 ~70 5 317.208 0.1654 23 × 30 0.3597
*The peak of gain for all versions of the proposed antennas happens at 90° and 90°, except for the antenna with r = 0.75 and n = 1, which has its peak at 
φ = 0° and θ = 140° as demonstrated in Figure 6(a). 
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