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Abstract—A fractal antenna is an antenna that uses a fractal, self-similar 
repeating design to maximize length or increase perimiter of a material that 
can receive or transmit electromagnetic radiation within a given total 
surface area or volume. A fractal antenna for ultra-wide band applications 
proposed by Brar, Singhal, and Singh is analyzed and fabricated. The results 
from Brar, Singal, and Signh are confirmed. Additional studies on various 
design parameters and sensitivities to manufacturing variations are 
explored. 

Index Terms—dipole antenna; fractal antenna; impedance bandwidth; 
slot loading; ultrawideband applications 

I.INTRODUCTION 
In Wireless communication, there is need of compact and communication 

system, so multiband antennas are required. Generally small antennas capable 
of resonating at multiple bands are in great demand. Microstrip antennas find 
applications in aircraft, satellite and missile applications where important 
requirements are size, weight and complexity. Although they are less bulky 
and capable of resonating at different bands but they suffer from 
disadvantages like low bandwidth, low gain, poor polarization, high Q factor 
and low efficiency. There are number of techniques for improving 
characteristics of micro strip patch antenna which include making use of 
fractal geometry, defected ground structure and cutting slots on patch. Fractal 
means broken or irregular fragments. Antenna designers are always looking to 
come up with new ideas to push the envelope for antennas, using a smaller 
volume while striving for every higher bandwidth and antenna gain. One 
proposed method of increasing bandwidth (or shrinking antenna size) is via 
the use of fractal geometry, which gives rise to fractal antennas. Another 
challenge faced by antenna designers is the miniaturization of antenna 
without affecting the wideband operating range. A solution to this problem is 
provided by application of fractal geometry in the antenna theory. 

A fractal antenna is an antenna that uses a fractal, self-similar design to 
maximize the length, or increase the perimeter (on inside sections or the outer 
structure), of material that can receive or transmit electromagnetic radiation 
within a given total surface area or volume. 

The first fractal "antennas" were, in fact, fractal "arrays", with fractal 
arrangements of antenna elements, and not recognized initially as having self-
similarity as their attribute. Log-periodic antennas are arrays, around since the 
1950s (invented by Isbell and DuHamel), that are such fractal arrays. They are 
a common form used in TV antennas, and are arrow-head in shape. Because of 
self-similar characteristics, current flows through different paths in fractal 
microstrip antenna and hence multiband characteristics will be obtained. 
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III.OBJECTIVE 
The purpose of this report is to capture the authors efforts to replicate 

numerical and measured results from [1] and expand on the work in [1] by 
exploring additional conditions affecting antenna performance. The report 
captures supplemental studies the authors performed to address gaps in the 
information provided in [1], as well as the authors’ methods, results, and 
conclusions from replicating the work in [1] and their own new studies.   

This report presents the authors’ analysis of fractal iteration scale factor, 
antenna connector geometry, microstrip geometry, fractal iteration count, 
ground plane thickness, substrate thickness sensitivity, substrate permittivity 
sensitivity, antenna return loss, and far-field patterns. The authors also 
present a sensitivity analysis of the antenna’s bandwidth to expected 
variations in the milling process used to fabricate the antenna and compare 
this to observed variations in antenna performance. 

IV.PHYSICAL STRUCTURES 
The primary antenna structure of [1] consists of two rectangular patch 

elements with an elliptical void in the center. A fractal is made from this patch 
element by repeating it concentrically within the elliptical void of the patch 
from the previous iteration. The antenna structure uses three successive 
iterations of the element for the fractal. Figure 1 illustrates a three 
dimensional rendering of the model. 

Figure 1: Three Dimensional Rendering of Antenna Model with Ideal 
Coaxial Feed 

The dimensions of the 2nd and 3rd fractal iterations were not specified in 
[1]. The authors used a scale factor of 1.08 along the y-axis (semi major ellipse 
axis) dimension of the inscribed fractal element to achieve the overlap 
between the fractal elements. The authors conducted a supplemental study to 
determine this scale factor. Details of this supplemental study are included in  
section IV.A Fractal Scale Factor Study. 

Each fractal patch element is fed by a short section of microstrip and a 
tapered microstrip line. The short feed section is offset from the center of the 
patch toward the connector by 1.5 mm. The tapered microstrip line is 
attached to the end of the short feed at a 90 degree angle. The line tapers 
from 1.2 mm at the short feed to 2.8 mm at the connector. 

Figure 2 shows the nominal dimensions of the top fractal element. The 
bottom fractal element has the same dimensions. Figure 3 shows the 
dimensions for the substrate and feed. The figure also shows the dimension 
for the ground plane on the bottom of the substrate. 
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Figure 2: Fractal Patch Element Dimensions 

 
Figure 3: Antenna Substrate, Feed, and Ground Plane Dimensions 

The dimensions of the connector are not included in [1]. The authors 
conducted a supplemental study to estimate the dimensions used in [1]. 
Details of this supplemental study are included in section IV.B Connector 
Geometry Study. 

The authors initially modeled the connector as a perfect cylinder 
composed of copper conductors and a Teflon dielectric. The center pin was 
assumed to have a diameter of 1.52 mm. The dielectric was assumed to have 
an outer diameter of 5.59 mm, and a relative permittivity of 2.1. The outer 
conductor was assumed to have a thickness of 0.51 mm, equal to an outer 
diameter of 6.60 mm. 

As a continuation of the supplemental study, the authors fabricated the 
antennas with two different shaped connectors. The authors used an 
Amphenol Connex model 132422 and model 132472. Model 132422 is an SMA 
end launch receptacle jack with a 6.35 mm (0.25 inch) flange. Model 132472 is 
an SMA end launch surface mount receptacle. 

Both connectors contain a Teflon dielectric and are composed of a gold-
plated beryllium-copper alloy, and brass. Model 132422 appears to match the 
connector used on the antenna fabricated in [1]. Model 132472 is the most 
cylinder-like commercially available connector the authors could find to match 
the connector in the numerical model from [1]. Dimensions for each 
connector may be found in [2], and [3]. 

Figure 4 and Figure 5 show the dimensions used for the cylindrical 
connector in the numerical model. Table 1 summarizes the various dimensions 
of the model. Items in bold have been added by the authors. Items not in bold 
are from [1]. Figure 6 shows the locations for the various parameters from [1]. 
Sub figure a is the front of the antenna. Sub figure b is the back. 

Figure 4: Coaxial Port Dimensions 

Figure 5: Coaxial Port Dimensions 

 
Table 1: Antenna Parameters 
Parameter Description Value 
Lsub Length of substrate 27 mm 
Wsub Width of substrate 32 mm 
a Length of rectangular patch element (iteration 0) 13 mm 
b Width of rectangular patch element (iteration 0) 9.2 mm 
w1 Width of microstrip at connector end 2.8 mm 
w2 Width of microstrip at patch end 1.2 mm 
w3 Width of feed from line to patch 1.0 mm 
s Upper edge of patch to feed 5.6 mm 
g Gap between patch and feed 0.6 mm 
r Semi major axis of ellipse (iteration 1) 4.5 mm 
e Eccentricity of ellipse (iteration 1,2, & 3) 0.76 
Lg Height of ground plane 3.0 mm 
Tsub Thickness of substrate material 1.6 mm 
εsub Relative permitivity of substrate material 4.4 
Tanδ Loss tangent of substrate material 0.020 
Tcu Thickness of copper cladding on substrate 17.5 μm 
Fr Fractal scale factor along semi major axis (y-axis) 1.08 
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Figure 6: Antenna Model Parameters from [1] 

The authors fabricated a total of eight antennas. They built a mock up of 
the structure in cardboard and copper tape scaled 10x larger than the 
intended design. They then fabricated five antennas using the full fractal 
design (iteration 3), one antenna using a two iteration fractal design, and one 
using the zeroth iteration fractal design. 

The authors fabricated these additional antennas on an LPKF model H100 
protomat machine using 1.60 mm thick, dual sided copper clad, FR4 blanks. 
They used gerber files generated from the CST model of the antenna. Full 
fractal antennas serial number 01, 03, and 05 received Amphenol 132322 
connectors. All other antennas received Amphenol 132372 connectors. Figure 
7 through Figure 14 show the fabricated antennas. 

 
Figure 7: Full Fractal Antenna Mock-Up (10x Scale) 

 
Figure 8: Zeroth Iteration Fractal Antenna 

 
Figure 9: Second Iteration Fractal Antenna 

 
Figure 10: Full Fractal Antenna, Serial Number 01 
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Figure 11: Full Fractal Antenna, Serial Number 02 

 
Figure 12: Full Fractal Antenna, Serial Number 03 

 
Figure 13: Full Fractal Antenna, Serial Number 04 

 
Figure 14: Full Fractal Antenna, Serial Number 05 

A. Fractal Scale Factor Study 

The authors conducted a study of the dimensions of the inner fractal 
elements. They conducted the study because the dimensions for these 
elements are not specified in [1]. The authors did not initially have access to 
Microsoft Visio when they conducted the fractal scale factor study. 

In the absence of photogrammetric measurements, the authors started 
with length and width for each rectangle that would inscribe it just within the 
ellipse. The authors determined these dimensions using the relations 

 
𝑤 =  𝑎√2 
ℎ = 𝑏√2 

 
Where w is the width of the rectangle and h is the height of 

the rectangle. a is the length of the semi-major axis and b is 

the length of the semi-minor axis.  
The authors then scaled the rectangle of the 2nd iteration in the x axis then 

y axis separately to achieve the overlap between the fractal iterations. They 
compared the results with those from [1]. They then visually compared the 
relative scale of the ellipse sections from each scaled dimension to figures in 
[1].  

Following this method the authors decided scaling in the y-axis produced 
a fractal iterations whose ellipse sections more closely resembled those from  
[1]. They decided on an iteration scale factor of 0.53 along the y-axis (semi-
major) and 0.45 along the x-axis (semi-minor). This is equivalent to increasing 
the inscribed rectangles y-dimension by a factor of 1.08. 

The authors conducted a review of this analysis after fabricating and 
measuring the antenna structures. They performed a photogrammetric 
measurement of these same dimensions using Microsoft Visio to assess the 
accuracy of their initial estimate. Figure 15 shows the results of this 
photogrammetric analysis.  

This post-test analysis suggests an iteration scale factor of 0.60 along both 
axis of the fractal elements would have been a better choice. The authors 
have not made any measurements or analysis using this alternative scale 
factors. 

Figure 15: Photogrammetric Measurements of Fractal Iteration Scaling in 
[1] 
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B. Connector Geometry Study 

The authors conducted a study of the effects of the connector geometry 
on antenna performance to identify the connector dimensions used in [1]. 
They used graphical representations of the connectors for the numerical 
model (figure 9 of [1]), and physical antenna, (figure 7 of [1]) to build 
numerical models and purchase physical connectors for measurement. 

The authors made photogrammetric measurements of the numerical 
model from figure 9 of [1] using Microsoft Visio. They measured known 
lengths along the x-axis and z-axis. They then calculated scale factors for each 
axis from the measured dimensions on screen and the known dimensions of 
the antenna structure. They used these scale factors with measurements of 
the connector to calculate an estimate for the connector’s actual dimensions. 
Figure 16 illustrates the photogrammetric process and results. 

This process yielded an x-axis scale factor of 0.225 and a z-axis scale factor 
of 0.16. The process suggests the numerical connector model in [1] is 
approximately 7 mm long, with an outer conductor diameter of about 5 mm, 
an outer dielectric diameter of 3 mm, and a center pin conductor diameter of 
1 mm. Table 2 summarizes these results. 

 
Figure 16: Photogrammetric Measurements of the Connector on 

Numerical Model in [1] 

Table 2: Photogrammetric Measurement Results 
Structure Dimension On 

Screen (mm) 
Scale Factor Est. Actual 

Dimension (mm) 
Length 31 0.225 6.98 
Outer Shell 
Diameter 

31 0.16 4.96 

Outer Dielectric 
Diameter 

19 0.16 3.04 

Pin Diameter 6.5 0.16 1.04 
The authors used these estimated dimensions as an initial value within 

their model. Theses initial values produced a coaxial waveguide that would not 
support the intended frequencies so the authors adjusted the dimensions until 
the structure demonstrated sufficient bandwidth for the intended 
frequencies. 

Figure 4 and Figure 5 show the dimensions of the connector derived from 
this method. The connector’s outer shell has an outer diameter of 6.60 mm 
and thickness of 510 μm. The Teflon dielectric has an outer diameter of 5.59 
mm. The center conductor has a diameter of 1.52 mm. The connector is 5.00 
mm long. The center conductor extends 3.00 mm from the face of the 
connector to match the 3.00 mm thick ground plane. This extension is place 
over the top side tapered microstrip feed. The connector is round without a 
flange or feet. 

The authors also created a numerical models of the connectors purchased 
for use with the physical antenna. These connector models provide for a direct 
comparison of measured data to simulated results.  

Connector lengths were varied in numerical analysis to match the phase 
response of the manufactured antenna. Since in the numerical analysis, 
connectors without flanges were modeled, the phase response of SN01 and 

SN03 are compared against the simulated response. The phase measurement 
plot is plotted in Degrees (Angle of S11 unwrapped) vs Frequency. 

 
Figure 17: Phase of S11 in Degrees (unwrapped) for SN02 and SN04 

(measured), and Simulated 

The dotted lines represent the measured data from the milled antenna 
(SN01 and SN03) and the solid lines represent the results from the numerical 
analysis, with length of the connector being 10mm. During numerical analysis, 
while the connector was 10mm in length, two different analysis were created 
with a change in the center conductor diameter to match the response of the 
measured antennas. Assuming identical measurement conditions, a possibility 
of change in the amount of solder on each of the milled antennas is suspected 
as the reason for the change in the phase characteristics of both the antennas, 
which is modeled as a change in center conductor diameter.  

With a change in the center conductor diameter, variation of S11 
magnitude was also studied. It is seen that as the center conductor diameter 
was increased from 1mm to 1.4mm, in steps of 0.1mm, there is a variation in 
impedance. Both S11 plots and impedance plots are shown.  

Figure 18. Mag S11 plots with varying center conductor diameter 

Figure 19. Resistance variation with varying center conductor diameter 

The variation of S11. Real and imaginary part of the impedances are 
shown below with changing port length (3mm to 10mm). Mag of S11 doesn’t 
vary much with port length, whereas resistance and reactance vary indicating 
additional phase due to port’s length. 
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Figure 20. S11 plot with varying Port height lengths 

Figure 21. Resistance plot with varying Port height lengths 

Figure 22. Reactance plot with varying Port height lengths 

V.NUMERICAL ANALYSIS 
The authors used the numerical analysis tools CST Microwave Studio, and 

Ansys HFSS. Microwave Studio provided time-domain analysis of the 
numerical models. HFSS provided finite element analysis of the numerical 
model. 

An initial analysis of the antenna structures from [1] was completed in 
each tool prior to fabricating the antennas. The numerical models were then 
refined using measured results from the fabricated antennas. This refinement 
included the exchange of the initial connector for numerical models of 
Amphenol connectors 132372, and 132322. 

In addition to supporting analysis of the antenna to replicate the work 
presented in [1], the authors used the numerical tools to conduct a number of 
additional studies of the antenna design. Additional details about the initial 
analysis and each of these additional studies are included below. 

A. Initial Analysis 

In the initial analysis, the authors created the base antenna structures and 
connector described in section IV. The authors built the model in the 
coordinate frame illustrated in figure 9 of [1]. They built the model so that the 
origin of the coordinate frame is located in the center of the two microstrip 
lines, between the top copper elements and substrate. 

Figure 23 illustrates the Cartesian coordinate frame for the CST model. 
Figure 24 illustrates spherical coordinate frame of the CST model. CST places 
the origin of the spherical coordinate frame at the center of the solution space 
for the model, rather than the origin of the Cartesian coordinate frame 
defined by the user. 

 
Figure 23: CST Antenna Model Cartesian Coordinate Frame 

 
Figure 24: CST Antenna Model Spherical Coordinate Frame 

Based on this coordinate frame, CST defined conventions for the top, 
bottom, left, right, front, and back of the antenna. Figure 27 through Figure 30 
illustrate each of these faces of the antenna model. The authors have 
attempted to follow these conventions when describing the model and 
fabricated antennas. 
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Figure 25: Front Antenna Face 

Figure 26: Back Antenna Face 

 

Figure 27: Top Antenna Face 

Figure 28: Bottom Antenna Face 

Figure 29: Right Antenna Face 

Figure 30: Left Antenna Face 

The authors used mm, GHz, ns, K unit conventions within Microwave 
Studio and HFSS. They set the simulation to solve over a frequency range from 
3 GHz to 18 GHz, with a normal background material and no additional space 
defined within the background material properties.  

The Microwave Studio model used an open boundary condition in all 
directions, with the add space open boundary property. CST’s default open 
boundary definition assumed a 0.0001 reflection level off the boundary 
surface and a minimum quarter wavelength distance (at 10 GHz) between the 
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boundary and structure. The authors’ antenna structures do not support 
symmetry plane definition so no symmetry planes were defined. 

The authors defined a waveguide port at the input face of the coaxial 
connector for the CST model. They labeled the port “Source’. The port faced 
into the coaxial connector (Positive orientation). The authors defined a single 
mode of propagation for the port. The authors did not define any additional 
properties for the waveguide port. 

In the HFSS software, an absorbing boundary condition was used to 
simulate infinite space. Careful attention was given to assure that the 
radiation boundary was placed in the far field region at a distance from the 3D 
structure of = 2D2

λ⁄  , where λ is the wavelength of the lowest cutoff 
frequency. 

In HFSS, driven modal and driven terminal solution methods were utilized 
to simulate the structure performance. In modal solution, a waveport was 
used to excite the 3D structure using a 1 mode integration line from the inner 
conductor to the outer conductor of the SMA connector. The driven terminal 
solution is used in HFSS for multiconductor transmission lines and was more in 
agreement with the results of the research paper investigation. The HFSS 
results are shown using the driven terminal solution method using a discrete 
frequency sweep. 

The authors defined field monitors for the E-field, H-field, and far-field at 
the frequencies specified by figure 10 from [1]. These frequencies are 4 GHz, 
6.2 GHz, 9 GHz, and 12.6 GHz. CST also defined monitors at the simulation 
band edges and mid frequencies - 3 GHz, 10.5 GHz, and 18 GHz. The initial 
numerical analysis did not calculate field or surface current information for 
any other frequencies. 

The authors configured the time-domain and finite element method 
solver to use the default hexahedral meshing algorithm. They specified a 
desired solver accuracy of -35 dB. They left simulation, s-parameter, mesh 
refinement, and sensitivity analysis parameters at their default values. 

Microwave Studio provided default mesh parameters of a maximum of 10 
cells per wavelength, a maximum of 10 cells per model box edge near the 
model, and a maximum of 1 cell per model box edge away from the model. 
The minimum cell was defined for 1/20th of a maximum cell size near the 
model. 

The meshing algorithm produced a discretized model of 760,368 cells. The 
discrete space dimensions of the meshed space were 125 cells  (Nx), by 147 
cells (Ny), by 43 cells (Nz). 

The initial analysis included the fractal scale factor study and connector 
geometry study discussed in sections IV.A, and IV.B. Following these studies, 
the authors captured the following performance parameters for the antenna.  

 
S11 (Return Loss) 
Efficiency 
VSWR 
Input Port Mode Fields 
Surface currents on the antenna structure 
Far field radiation patterns 
 
This data is available in section VII.Error! Reference source not found.. 

B. Fractal Iteration Count Study 

Within the initial analysis, the authors created models for each iteration 
defined in [1] for comparison with the results from [1]. These iterations are 
the zeroth, first, second, and third. The authors created models for each 
iteration in both Microwave Studio, and HFSS. 

Figure 31 through Figure 33 show the front face of the Microwave Studio 
model for the zeroth, first, and second iterations. Each model uses the unit 
conventions, boundary conditions, port definition, solver configuration, and 
mesh properties of the initial analysis. 

The meshing algorithm for the zeroth iteration produced a discretized 
model of 403,080 cells with discrete dimensions of 113 cells (Nx) by 97 cells 
(Ny) by 41 cells (Nz). The discretized first iteration model is composed of 
755,712 cells with discrete dimensions 129 cells (Nx) by 145 cells (Ny) by 42 

cells (Nz). The discretized second iteration model contains 755,712 cells, with 
discrete dimensions 129 cells (Nx) by 145 cells (Ny) by 42 cells (Nz). 

The results from the numerical analysis in this study are available in 
section VII.B. The numerical analysis is  supplemented by wide band return 
loss measurements of the  zeroth and a second iteration fractal antennas. 
section VII.G contains the measurements of these physical antennas as well. 
The measurement method is defined in section VI.B. Figure 8 and Figure 9 
show the zeroth iteration and second iteration antennas. 

The authors wanted to observe the effects that the fractal iterations had 
on the antenna bandwidth performance. The antenna was simulated for each 
iteration to analyze the s-parameters and determine if the iterations were in 
fact increasing the bandwidth performance. 

It is observed that the antenna has resonant frequencies throughout the 
frequency range of 3 to 18GHz with the reflection coefficients having a 
magnitude of greater than 15dB. The resonant frequencies initially have a 
narrow bandwidth while an increasing bandwidth is observed with each 
iteration. 

 
Figure 31: Microwave Studio Zeroth Iteration Fractal Antenna Front Face 
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Figure 32: Microwave Studio First Iteration Fractal Antenna Front Face 

Figure 33: Microwave Studio Second Iteration Fractal Antenna Front 
Face 

C. Microstrip Geometry Study 

Microstrip geometry study involves varying the feed type to the radiating 
patch from the SMA connector, namely: Tapered and stepped feed to convert  
from 2.8mm at the port (SMA) end to 1.2mm at the feed point to the patch. 
Figure 34 shows the variations in the feed structure. The variation in 
impedance is from 50 Ω to 82 Ω at about 6 GHz. The authors of [1] did not 
mention the frequency used to calculate impedance at the port terminal or at 
the patch feed point. 

Figure 34: Feed structure variations 

D. Ground Plane Thickness Study 

The ground plane thickness study sought to explore the relationship 
between the ground plane, antenna return loss and bandwidth. The authors 
studied these relationships numerically using both Microwave Studio and 
HFSS. 

The authors varied the thickness of the ground plane within each tool 
while maintaining all other antenna dimensions. This approach has the effect 
of coupling the response of increased ground plane thickness and decreased 
spacing between the ground plane and radiating elements. The authors have 
made no attempt to isolate the source of the resulting phenomenon. 

Within Microwave Studio, the authors used the initial analysis model. 
They created a parametric sweep of the L_g parameter (ground plane 
thickness), sweeping it from 2 mm to 13.5 mm in 0.5 mm  steps. The results of 
the parametric sweep are available in VII.D. 

In HFSS, the ground plane width (Lg) is varied from 1mm to about 7mm in 
width as shown in Figure 35. A complete ground plane would result in a high 
front to back ratio whereas a small in a reduced front to back ratio – meaning 
that the antenna radiates on both sides. 

Figure 35: Ground Plane Variation 1 mm and 7 mm 

E. Manufacturing Variation Sensitivity 
Studies 

The authors conducted several sensitivity studies using Microwave Studio 
and HFSS. Each study explored expected sources of error between the 
numerical models and measured antenna. These error sources include, milling 
machine tolerances, variations in substrate thickness, variations in substrate 
permittivity, and variations in connector placement. 

The authors used Microwave Studio to conduct a milling tolerance 
sensitivity study for the fractal antenna elements. Using the initial analysis 
model with the tuned photogrammetric connector dimensions, they defined 
face constraints for 13 edges within the front fractal antenna elements and 13 
edges within the back fractal antenna elements. Figure 36 shows the face 
constraints for the front of the antenna. 
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Figure 36: Front Face, Edge-Constraint Locations 

The authors enabled sensitivity analysis within the solver properties 
dialog window. Then they selected each face constraint parameter within the 
sensitivity analysis properties dialog window and re-ran the simulation. 

Following  this sensitivity analysis, the authors used Microwave Studio’s 
post-processing tools to conduct a yield analysis of the milling process. The 
authors defined the yield criteria as S11 less than -10 db from 4 GHz to 17 
GHz. The authors assumed a Gaussian distribution for the milling variations, 
with a standard deviation of 5 µm. 

The authors studied the antenna’s sensitivity to variations in substrate 
thickness using a model in HFSS. In the model, they varied the substrate 
thickness is from 1mm to 2mm in steps of 0.2mm. The authors used a nominal 
substrate thickness of 1.6mm. To include for the possible uncertainties in the 
board thickness, we study the variation of S11 with board thickness. The 
results of this substrate sensitivity analysis are available in [secref]. 

Due to possible variations in substrate permittivity when the antenna is 
manufacted, the authors also studied variations in the permittivity of the 
substrate’s dielectric material using HFSS. The authors simulated the antenna 
for a range of permittivities between 4 to 5 in steps of 0.2 F/m for FR-4 epoxy. 
The nominal value for FR-4 epoxy is 4.4. The response for the parametric 
sweep is shown in Figure 72 of section VIII E. 

The authors used Microwave Studio and HFSS to assess the antenna’s 
sensitivity to variations in connector alignment. Within Microwave Studio, the 
authors used an antenna model with the Amphenol 132372 connector. The 
authors used a model with the Amphenol 132322 connector within HFSS. 

The Microwave Studio model also incorporated an adapter that had been 
used in the antenna wide-band return loss measurement. The authors used 
the amphenol connectors and adapter to improve the fidelity of the results. 

To perform the sensitivity analysis in Microwave Studio, the authors 
defined new model parameter L_face and A_cy. L_face represents the length 
of the gap between the connector face and edge of the antenna substrate 
A_cy represents the connector alignment offset along the y-axis 

They defined a new parameteric  sweep for these parameters. They swept 
the L_face from 0 mm to 4 mm in 1 mm increments. They swept A_cy from -1 
mm to 1 mm in 1 mm increments. They added the parameters to the 
connector, adapter, and solder element definitions so that all would move 
together through the sweep. The solder is a critical component for 
maintaining electrical conductivity between the connector and antenna 
structure at each sweep point. 

In the measurements part of the project, the authors used the SMA with 
the flange connected directly to the structure and making contact with 
substrate. The paper shows that the original investigation of the antenna was 
measured with the flange separated from the substrate and this could be why 
the authors measurements were not accurately matched to the paper. In an 
attempt to better match the measurements, all cases were simulated and the 
S11 results are shown below. 

 
The authors discovered that the geometry of the SMA connector was not 

important for the simulations to closely match with the measured VNA results. 
The initial simulations shown above were done with the SMA dimensions of 
the Amphenol 132322 without the flange. This study showed that the 
simulations relatively matched the research paper with a slight phase shift in 
frequency of less than 1GHz. A second study was done to attempt to simulate 
the 132322 SMA with the flange included. This also showed results agreeing 
with the research paper with slight shift in frequency for the resonant peaks 
but still having a wide bandwidth. A third study was done by cutting the top 
braces of the flange which had no significant effects on the relfection 
coefficients. 

 
In the simulation case study where the SMA was separated from the 

substrate, there was a significant difference in S11 results. A parametrization 
investigation of different spacing lengths was used beginning with initial 
contact with the substrate and progressively separating the SMA at 1mm 
increments. The results are shown below and show that the S11 magnitudes 
increase to above the -10dB when there is a gap between the substrate and 
the SMA. In an attempt to better match the measurements, all cases were 
simulated and the S11 results are shown in Figure 75 and Figure 76 of section 
VIII E. 

Figure 37: HFSS SMA Model with Top Flange Braces Removed 

Figure 38: HFSS SMA Model with Flange Intact 

The results for each sensitivity study are available in the section VII.E. The 
authors attempted to compare their numerical analysis by fabricating multiple 
copies of the full fractal antenna structure. The authors made wide band 
return loss measurements for each structure following the method in section 
VI.B. Results from measurements of the different antenna structures are 
available in VII.G. 
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VI.MEASUREMENT METHODS 
The authors performed four different measurements of the antennas. 

They measured the S11 performance of the antennas using Agilent network 
analyzers. They measured the polarization of an antenna using a Agilent signal 
generator and spectrum analzyer. They also obtained a measure of part of the 
far field pattern of the antennas using an NSI near field antenna measurement 
system. The sections below present details for each measurement. 

A. Low Freq. Return Loss Measurement 

The authors used the SN05 Full fractal antenna to do the low frequency 
measurement. The frequency range that was used to study the antenna 
performance was from 0.1 to 8.5 GHz, using an Agilent Network Analyzer. The 
test equipment had a meter long RF cable, the DUT (Antenna) and the VNA. 
The VNA was calibrated using the SOLT calibration kit – with Short, Open and 
Load terminals connected and then calibrated accordingly. The results were 
saved in Touchstone format, which is displayed in section VII A.  

B. Wide Band Return Loss Measurement 

The authors performed a wide band measurement of the return loss of 
the various antennas using an Agilent PNA E8363B network analyzer. They 
measured the response of the antennas over 3 to 20 GHz. Figure 39 illustrates 
the wide band return loss measurement set up. 

 

 

Figure 39: Wideband Return Loss Measurement Configuration 

The test set up included: 
1 - PNA E8363B, 
1 - N4693-60001 electronic calibaration module,  
1 - one meter long Gore coaxial cable,  
1 – Pasternack PE91293, 2.4 mm to 3.5 mm barrel adapter, 
1 - Panavice bench vice with rubber teeth, 
1 – butcher-block bench with raised metal instrument shelf. 

 
The network analyzer was placed on the instrument shelf. The coaxial 

cable was attached to port 1 of the network analyzer. The test operator placed 
the coaxial cable in the bench vice approximately 20 cm back from the open 
coaxial connector. 

The test operator attached the eCal module to the end of the coaxial 
cable and calibrated the analyzer. The operator calibrated the analyzer 
without the 2.4 mm to 3.5 mm barrel adapter inline because the eCal module 
only has 2.4 mm connectors. 

The test operator removed the eCal module and attached the 2.4 to 3.5 
mm adapter to the coaxial cable. The operator measured the return loss of the 
open ended adapter and saved it to the network analyzer memory channel for 
reference. The operator then attached the first antenna for measurement. 

The operator attached each antenna with their front facing toward the 
front edge of the work bench. The operator measured the antennas in the 
following order: 

1. Full Fractal, SN 03 
2. Full Fractal, SN 04 
3. Full Fractal, SN 01 
4. Full Fractal, SN 02 
5. Zeroth Fractal, SN 01 
6. Two Fractal, SN 01 

Full fractal antenna SN 05, and the cardboard prototype antenna were not 
available for wideband measurement. Results for the measured antennas 
were saved in touchstone format and are presented in graphical form in 
section VII.G below. 

C. Polarization Measurement 

The authors performed the Polarization measurement with the help of 
network analyzer and the RF probe. A reference antenna is used to determine 
the polarization of the patch antenna as shown below. Reference antenna and 
patch antenna are measured in the same plane orientation and in the 
different plane orientation. 

 
Figure 40:Setup used to measure polarization 

The Test Setup included 

x Patch Antenna and reference Antenna  
x Network Analyzer  
x RF probe 

INSTRUMENT SHELF

TESTBENCH

BENCH VICE

Antenna

NETWORK 
ANALYZER

Phase Reference 
Plane

2.4 mm to 3.5 
mm Adapter

NOT DRAWN 
TO SCALE

Approx.
20 cm

13.9 
mm

TEST OPERATOR

> 20 cm
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D. Far-Field Pattern Measurement 

The authors performed the Far field measurement using the NSI’s Far-
field Antenna Measurement. The NSI-800F-10 is an economical single-axis 
easy-to-use far-field range with one azimuth stage for taking principal plane 
measurements. The systems are configured to test in indoor direct 
illumination anechoic chambers, compact ranges, outdoor ground reflection 
ranges, and other types of ranges. [4] 

Figure 41:Far Field Measrement Setup 

The Test Setup included 

x NSI 2000 Far-field Antenna Measurement and Analysis Software 
x Measurement Workstation 
x Positioner Axes 
x Open ended Waveguide Probe Model  
x 20 GHz RF cables 

 
Designed patch antenna is mounted vertically on the tripod. Patch 

Antenna is approximately 3-5 Lambda distance far from the measuring wave 
guide.  Patch antenna has radiation in the Z direction.  Open ended wave guide 
probe has been operates between 4 to 7 GHz as transmitter and DUT  antenna 
behaves as reciever. 

Open ended wave guide moves in planar direction, giving us an estimation 
of the near field data from Azimuth -60˚ to 60 ˚, and elevation from -48˚ to 

48˚. These measurements were taken at 5.635GHz and 6.777 GHz in both co-
polarization and cross-polarization.  

All the measured data is measured for near field analysis and then 
measured near field  data is converted to far field by Fourier Analysis. 

VII.RESULTS 

A. Initial Analysis 

The initial numerical analysis was conducted using CST’s Microwave 
Studio and Ansys’ HFSS. The analysis was performed with a full fractal model 
of the antenna structure within each tool. Additional details about the 
configuration of the tools and models used are available in sections V.A and IV. 

The analysis produced line plots of the antenna return loss, efficiency, 
VSWR, and far-field radiation patterns. It also produced two-dimensional and 
three dimensional maps of the input port mode fields, electric fields, magnetic 
fields, surface current densities, and far field radiation patterns. The authors 
present a subset of these line plots and multi-dimensional maps for reference 
below. 

Figure 42 shows the return loss magnitude of the CST model across the 
simulated frequency band. The response suggests the antenna design will 
satisfy the wide band operating criteria.  

Figure 43. shows the complex return loss of the CST model across the 
simulated frequency band plotted on an impedance smith chart. This complex 
representation provides a clear view of the resonant behavior of the antenna. 
In this particular case, the antenna demonstrates a moderate resonance at it’s 
lower operating frequencies. In general though, the antenna demonstrates 
very little reactive behavior. The authors expect the antenna to be an efficient 
radiator. 

 
Figure 42: Return Loss for Initial Antenna Analysis in CST 
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Figure 43: Complex Return Loss for Initial Antenna Analysis in CST 

Figure 44 shows the radiation efficiency and total efficiency for the 
antenna at each of the defined far-field probe points  - 3 GHz, 4 GHz, 6.2 GHz, 
9.0 GHz, 10.5 GHz, 12.6 GHz, 16.2 GHz, and 18 GHz. The results  suggest the 
antenna is about 80% efficient.  

There is a small abnormality in the radiation efficiency results at 3 GHz. 
Here the results indicate a radiated efficiency greater than 1. This abnormality 
suggests the conduction-dielectric losses within our numerical model may be 
ill-defined at 3 GHz. This abnormality appears to be masked within the total 
efficiency calculation by the large reflection losses at 3 GHz. 

 
Figure 44: Antenna Efficiency for Initial Analysis in CST 

Figure 45 illustrates these large reflection losses in the form of a large 
VSWR at 3 GHz. The antenna maintains a VSWR between 1 and 2 across the 
operating band of the antenna. 

Figure 46 and Figure 47 help validate the model by illustrating the single 
TEM mode propogation within the connector. The figures shows the E-field 
pattern and H-field pattern within the coaxial connector at 10.5 GHz. 

 
Figure 45: VSWR for Initial Antenna Analysis in CST 

 
Figure 46: Input Port E-Field Pattern for Initial Analysis in CST 

 
Figure 47: Input Port H-Field Pattern for Initial Analysis in CST 
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Figure 48: Surface Current Density at 4 GHz, 6.2 Ghz, 9 GHz, 12.6 GHz, 

and 16.2 GHz from Initial Analysis in CST 

Figure 48 illustrates the surface current densities on the antenna at 4 GHz, 
6.2 GHz, 9 GHz, 12.6 GHz, and 16.2 GHz. The current distribution indicates 
good coupling and propogation of the signal from the input port to the 
antenna. The current can be seen propogate to through the microstrip feed, 
out to the edges of the fractal patch elements before folding back across free 
space to the ground plane. 

Figure 49 through Figure 53 show the far field radiation patterns in the x-z 
plane for 4 GHz, 6.2 GHz, 9 GHz, 12.6 GHz, and 16.2 GHz. The patterns show a 
clear narrowing of beam width as frequency increases.  

 
Figure 49: x-z Far field Antenna Pattern at 4 GHz 

 
Figure 50: x-z Far Field Antenna Pattern at 6.2 GHz 

 
Figure 51: x-z Far Field Antenna Pattern at 9 GHz 

 
Figure 52: x-z Far Field Antenna Pattern at 12.6 GHz 

A similar behavior may be observed for the y-z plane pattern cut shown in 
Figure 54 through Figure 58. As frequency increases the pattern becomes 
more and more distorted with additional lobes and structure. 
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Figure 53: x-z Far Field Antenna Pattern at 16.2 GHz 

 
Figure 54: y-z Far Field Antenna Pattern at 4 GHz 

 
Figure 55: y-z Far Field Antenna Pattern at 6.2 GHz 

 
Figure 56: y-z Far Field Antenna Pattern at 9 GHz 

 
Figure 57: y-z Far Field Antenna Pattern at 12.6 GHz 

 
Figure 58: y-z Far Field Antenna Pattern at 16.2 GHz 

B. Fractal Iteration Count Study 

The fractal iteration count study focused on identifying performance 
changes as a function of additional fractal iterations within the antenna 
structure. The study attempted to replicate the results presented in [1]. The 
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study was conducted using both CST and HFSS. Additonal details about the 
study are available in section [secref].  

Figure 59 shows the results of the analysis performed using CST. There 
were only slight differences in return loss resulting from increased fractal 
iterations. The antennas appear to perform the same at frequencies below 7 
GHz. Frequencies above 7 GHz show very modest variations in return loss.  

Figure 60 through Figure 63 show iterations 0 through 3 respectively from 
the HFSS model. It is believed that the fractal iterations have multiband 
properties due to the multiple half-wavelength dipoles associated with the 
fractal edges; which cause the antenna to resonate at more frequencies 
surrounding the initial resonant peaks of the zeroeth iteration. 

 
Figure 60: HFSS Return Loss for 0th Iteration Antenna model of Antenna 

SN03 without Connector Flange 

 
Figure 61:Figure 60: HFSS Return Loss for 1st Iteration Antenna model of 

Antenna SN03 without Connector Flange 

 
Figure 62:Figure 60: HFSS Return Loss for 2nd Iteration Antenna model 

of Antenna SN03 without Connector Flange 

 
Figure 63: Figure 60: HFSS Return Loss for 3rd Iteration Antenna model 

of Antenna SN03 without Connector Flange 

C. Microstrip Geometry Study 

Microstrip geometry study, as explained above involves variation in the 
feed structure for impedance transformation from 50 Ω to 82 Ω at 6 GHz. The 
S11 plots of the Tapered and Stepped feed are shown here along with the 
comparison plot. 

 

Figure 64. S11 magnitude plot for stepped feed 

 
 

 

Figure 65. S11 Magnitude plot for tapered feed 
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Figure 59: CST Fractal Iteration Study Return Loss Magnitude 
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Figure 66. Stepped vs Tapered feed comparison of S11 magnitude 

D. Ground Plane Thickness  Study 

In this case, since we have radiating structure present on both sides of the 
antenna, covering up one side of the antenna with a full ground plane would 
make the antenna as good as a simple patch antenna radiating almost 
completely in one direction, with the ground plane being the reflector.  
 
As expected, with a reduction in the ground plane size, we see an increase in 
impedance bandwidth from the S11 plots. We also see a shift in the resonant 
frequencies. In several other cases, slots are designed in the ground plane for 
UWB performance. Variation of Impedance bandwidth in GHz vs Ground plane 
width has been plotted too. 

 

Figure 67. S11 plot with Ground plane thickness = 7mm 

 

 

Figure 68. S11 plot with Ground plane thickness = 3mm 

Figure 69 summarizes the results of the Microwave Studio study of the 
ground plane thickness. The plot shows the resulting bandwidth of the 
antenna at each ground plane thickness in the parametric sweep. The figure 
also shows the line of best fit through the points along with the equation for 
the best-fit line. 

The bandwidth was identified from return loss results for each step in the 
parametric sweep. The lower frequency of the bandwidth was identified as 
the first frequency, moving from left to right, where the return loss was less 
than -10 dB. The higher frequency of the bandwidth was identified as the first 

frequency, moving from right to left, where the return loss was less than -10 
dB. 

In many cases the return loss did not rise above -10 dB within the 
simulated frequeny band. In these instances, the upper frequency limit of the 
simulation was used as the higher frequency for the bandwidth. The 
bandwidth was calculated as the difference between the higher and lower 
frequencies. 

Figure 69: Microwave Studio Ground Plane Thickness Study Results 

The results indicate a clear linear relationship between ground plane 
thickenss and bandwidth. The bandwidth decreases about 46.5 MHz for every 
mm increase in the thickness of the ground plane. 

E. Manufacturing Variation Sensitivity 
Studies 

Figure 70 shows the results of authors’ analysis of the antenna’s 
sensitivity to variations in the milling process. As discussed in section V.E, the 
authors considered variations in 13 edges on each side of the antenna. The 
results below show the nominal performance of the antenna structure as a 
dark blue line. The light blue shadowing this line indicates the ±3σ error 
bounds on the nominal value. 

Figure 70: Expected Return Loss Sensitivity to Milling Variations 
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The error bounds generally increase with frequency. This increase in 
uncertainty is consistent with the authors’ expectations that small changes in 
an antennas structure will have a more significant effect on antenna 
performance at higher frequencies than lower.  

The antenna structure does show some large variations in performance as 
a result of variations in the milling process around 10 GHz, and 15.5 GHz. 
Neither of these swings in performance would adversely affect the intended 
performance of the antenna structure since they remain below the -10dB 
performance threshold. 

The results also shows some smaller variations in performance between 
16GHz and 18 GHz. These suggest a slim possibility for a small impact on the 
broadband performance of the antenna.  

The yield analysis performed in conjunction with this sensitivity analysis 
indicates 99.715% of antennas milled from this process will meet the 
bandwidth specification (S11 <-10 db between 4 and 17 GHz). In general, the 
results suggest that the performance of the antenna is not sensitive to the 
relatively small variations in structure introduced by the milling process. 

Substrate thickness sweep indicates variation in impedance. At about 
2mm thick substrate we see a better match than at 1mm as shown in the 
individual plots. 

 
Figure 71: S11 plot with parameterized substrate thickness 

From what is seen from the plots, there is a marginal shift in the 
impedance that is being depicted as relatively small shifts in the resonances. 
This is expected because of the dependence of characteristic impedance on 
W/h for a given frequency.  

The relative permittivity of the substrate is swept between 4-5 in steps of 
0.2. Figure 72 through Figure 74 illustrate the results from HFSS. There are 
some very abnormal looking traces in Figure 72 for the relative permittivity of 
5. The exact cause of this strange behavior has not been determined. 

 
Figure 72. S11 plot with varying substate permittivities 

 
Figure 73: S11 plot with permittivity = 4.8 

 
Figure 74: S11 plot with permittivity = 4.0 

A change in substrate permittivity also shows marginal changes in 
impedance, again due to characteristic impedance’s dependence on W/h and 
permittivity. 

As discussed earlier, the authors analyzed the antenna’s sensitivity to 
connector alignment using both Microwave Studio and HFSS. The Microwave 
Studio model used an Amphenol 132372 connector, while HFSS’ model used 
an Amphenol 132322 connector. The results of the authors’ analysis of the 
antennas sensitivity to the alignment of the connector on the antenna’s 
substrate were unavailable for inclusion in this report. 

The parametric sweep performed using Microwave Studio suggests the 
antenna has a greater sensitivity to misalignments along the x-axis, rather 
than the y-axis. The larger the gap between the connector face and substrate 
edge, the more significant the change in return loss and bandwidth. 

Figure 75 through Figure 76 show the change in response due to the 
different connector geometries modeled in HFSS. 

 
Figure 75. SMA with top flange braces removed 

 
Figure 76. SMA with Flange intact 

F. Low Freq. Return Loss Measurement 

Figure 77 shows the rectangular plot of the magnitude of S11 vs 
Frequency of the full fractal antenna SN05 and Figure 78 shows complex S11 
on a Smith's chart.  
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Figure 79. Low Frequency S11 measurement - Rectangular 

 

Figure 80. Low frequency S11 measurement  - Smith's chart 

Clearly, the 4 GHz and 7 GHz resonance points are seen at the center of 
the smith's chart. Lower frequencies (< 3 GHz) have a higher degree of 
mismatch and are seen at the outer edge of the Smith's chart. 

G. Wide Band Return Loss Measurement 

Figure 81 through Figure 88 show the results of the wide band return loss 
measurements for each antenna. The measured results are presented in both 
Cartesian and polar forms. The Cartesian forms present the magnitude of the 
return loss as a function of frequency. The polar plots present the complex 
return loss of each antenna on an impedance Smith chart. 

Figure 81 shows the return loss magnitude for the full fractal antennas 
serial number 01, and 03. These are the antennas with an Amphenol 132322 
connector attached. Figure 82 shows the complex return loss for each of these 
antennas. 

Figure 81: Return Loss Magnutude for Full Fractal Antennas with 
Amphenol 132322 Connectors 

Figure 82: Complex Return Loss for Full Fractal Antennas with Amphenol 
132322 Connectors 

Figure 83 shows the return loss magnitude for the full fractal antennas serial 
number 02, and 03. These are the antennas with an Amphenol 132372 
connector attached. Figure 84 shows the complex return loss for each of these 
antennas. 
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Figure 83: Return Loss Magnitude for Full Fractal Antennas with 
Amphenol 132372 Connectors 

Figure 84: Complex Return Loss Magnitude for Full Fractal Antennas 
with Amphenol 132372 Connectors 

Figure 85 shows the return loss magnitude for the zeroth iteration fractal 
antenna serial number 01. This antenna was fabricated with an Amphenol 
132372 connector. Figure 86 shows the complex return loss for this antenna. 
 

Figure 85: Return Loss Magnitude for the Zeroth Iteration Antenna with 
Amphenol 132372 Connector 

Figure 86: Complex Return Loss for the Zeroth Iteration Antenna with 
Amphenol 132372 Connector 

Figure 87 shows the return loss magnitude for the second iteration fractal 
antenna serial number 01. This antenna was fabricated with an Amphenol 
132372 connector as well. Figure 88 shows the complex return loss for this 
antenna. 
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Figure 87: Return Loss Magnitude for Second Iteration Antenna with 
Amphenol 132372 Connector 

Figure 88: Complex Return Loss for the Second Iteration Antenna with 
Amphenol 132372 Connector 

H. Polarization Measurement 

From the figures below (Figure 89 & Figure 90), we see about 10 dB 
difference when the antenna was oriented in different Vertically vs 
Horizontally. This indicates the dominance of linear polarization in the 
antenna, although due to the presence of elliptical structres in the antenna 
suggests other forms of polarization like elliptical polarization to be present 
too.  

 

Figure 91. Polarization Measurement - Vertical Orientation 

 

 

Figure 92. Polarization Measurement - Horizontal Orientation 

The measurement was done in a lab setup, but it is suspected to be error 
prone as well. 
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I. Far-Field Pattern Measurement 

 
Figure 93:Orientation of the plane 

 
Figure 94:Orientation of the Main Lobe and Side lobe 

The orientation of the X, y Z plane is as shown in the figure . The measurement 
were suppose to be taken as shown above. The main lobe and side lobe are 
orientated as shown above.  
In the lab , the orientation was not maintained as shown above , instead there 
was bit variation in the orientation of the patch antenna.  

 

Figure 95:Orientation as per the measured 

As orientation of the patch antenna was aligned as shown above , in the 
lab we could measure the only the side lobe.  

Now let us have a look at the various radiation pattern data we simulated 
in Matlab . The Plot that we measured was in Cartesian Form . We plotted the 
values in Polar form using the MatLab. 

 

Figure 96 Radiation Pattern At Theta=0 degree 

 
The Red line indicates 5.635 GHz and blue line indicates 6.77 GHz. 
 
In the above figure , radiation is plotted when  azimuth is kept constant ( 

0˚)  for the variation in elevation ( -48 ˚to +48˚)  . 
If the elevation is constant ( 0˚) and azimuth is varied from -60˚ to +60˚, 

we can observe the below graph  
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Figure 97::Radiation Pattern At phi=0 degree 

Now let us compare the radiation pattern from the paper to the radiation 
patterns  we obtained for the few values of the varying azimuth and elevation 
at 5.6 GHz and 6.7 GHz frequency. 

Now let us look at the radiation patterns at fixed elevation=0˚ for varying 
Azimuth at 5.6 GHz and 6.7 GHz frequency. 

 
Figure 98:Radiation Pattern at elevation=0 degree, Freq 5.6GHz 

The closest frequency Value in the paper is 6.2 GHZ for which these values 
can be compared. 

 
Figure 99:Radiation Pattern elevation =0 for 6.7GHz 

Let us consider the radiation pattern at fixed azimuth ( 0 degree)  for  varying 
elevation (-48 and +48 ). Let us look at the graph at both the frequency  

 
Figure 100:Radiation Pattern at Azimuth=0degree, 5.6GHZ 
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Figure 101:Radiation Pattern at Azimuth=0degree,6.7GHZ 

VIII. COMPARISONS 
We see that the results match most of the time. However, we see that 

there is a difference in the resonant frequency at higher frequency because of 
the unknown scaling factor used by the author. 

 Simulated Return  
Loss (dB) 

 Paper Return Loss (dB) 

Resonant Freq. 
(GHz) 

Tapered Stepped 
 

Resonant 
Freq. 
(GHz) 

Tapered Stepped 

3.9 26.75 12.75 4 23 23 
6.1 28.93 23 6 34 21 
8.2 26.77 15 9 22 12 
11.1 16.5 18 11.6 20 24 

12.8 14.04 13 12.6 35 28 
15.7 13.96 17 16.2 25.5 19 

 
Fractal Study: 
We have also compared the results of iteration 0, 1, 2 and 3 with the 

measured and paper results. We obtain the following results: 
 

 Zeroth 
Iteration 

First 
Iteration 

Second 
Iteration 

Third 
Iteration 

Fl(GHz) 3.7 3.65 3.7 3.7 
Fh(GHz) 14.4 4.5 14.6 17 
BW(GHz) 10.7 0.85 10.9 13.3 
Fl (GHz) - 5.4 - - 
Fh (GHz) - 15.2 - - 
BW (GHz) - 9.8 - - 

 
Paper Results 

 Zeroth 
Iteration 

First 
Iteration 

Second 
Iteration 

Third 
Iteration 

Fl(GHz) 3.7 3.65 3.7 3.7 
Fh(GHz) 14.4 4.5 14.6 17 
BW(GHz) 10.7 0.85 10.9 13.3 
Fl (GHz) - 5.4 - - 
Fh (GHz) - 15.2 - - 
BW (GHz) - 9.8 - - 
 
Simulated Result 
 Zeroth 

Iteration 
First 

Iteration 
Second 

Iteration 
Third 

Iteration 

Fl (GHz) 3.8 3.8 3.7 3 
Fh (GHz) 5.1 5.2 13.8 17.9 
BW (GHz) 1.3 1.4 10.1 14.9 
Fl (GHz) 6 6 14.6 - 
Fh (GHz) 17.6 14.5 17.2 - 
BW (GHz) 11.6 8.5 2.6 - 
 
Measured Result 

 Zeroth 
Iteration 

First 
Iteration 

Second 
Iteration 

Third 
Iteration 

Fl (GHz) 3.845 - 3.8 3.852 

Fh (GHz) 9.6 - 6.185 16.43 
BW 5.755  2.385 12.578 
Fl 10.13 - 7.182 - 
Fh 16.28 - 16.2 - 
BW 6.15  9.015 - 
 

INPUT IMPEDANCE: 
The input impedance as obtained in [1] is given as: 

 

 

Figure 102: Input Impedance from [1] 

The designed real and imaginary components of the full fractal antenna 
can be given as: 
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Measured real and imaginary components of full fractal antenna: 
     

 
 
RADIATION PATTERN: 
 
 
Radiation Pattern: 
 
The x-z plot obtained from the paper can be obtained as:

 

Figure 103. Radiation Pattern mentioned in the Paper at 6.2GHz 

The black line indicates the x-y plane, which is similar to the radiation pattern 
shown at 6.7GHz. 

The authors obtained the far field measurements from the NSI Near field 
scanner. The values obtained was converted from the Cartesian to polar plot 
using Matlab. 

Now let us compare the radiation pattern from the paper to the radiation 
patterns we obtained for the few values of the varying azimuth and elevation 
at 5.6 GHz and 6.7 GHz frequency. 

Now let us look at the radiation patterns at fixed elevation=0˚ for varying 
Azimuth at 6.7 GHz frequency.The closest frequency Value in the paper is 6.2 
GHz for which the paper values can be compared. 

 
Figure 104:Radiation Pattern at 6.7 GHz 

 The results match most of the time. We see a peak in magnitude at 
azimuth=0 degrees. This is very similar to the results of paper results as shown 
in Figure 103.  

IX. CONCLUSIONS 
The Fractal Dipole antenna for UWB applications was designed and 

manufactured with the design from [1]. Known construction parameters were 
used and the unknown parameters from the original design was determined 
by matching performance. Parameters that influence performance like fractal 
iteration scale factor, antenna connector geometry, microstrip geometry, 
fractal iteration count, ground plane thickness, substrate thickness sensitivity, 
substrate permittivity sensitivity and other manufacting variations were 
studied and their influence on performance was observed.  

Fractal iteration scale factor had a nominal effect on the wideband 
performance while fractal iteration count significantly affects the bandwidth – 
smaller fractals affected high frequency performance and broadened the 
beamwidth. Connector geometry has significant effect on the broadband 
performance and field pattern – influencing matching with variation in center 
conductor diameter and port height. The microstrip geometry study was 
consistent with [1]. Ground plane thickness was found to affect bandwidth – 
the thickness varied inversely with the bandwidth. The antenna was found to 
be highly sensitive to substrate thickness and the spacing between the 
connector face and board edge. Substrates thinner than 1.6mm and spacing 
more than a millimeter adversely affect wideband performance. 
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