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Abstract 
Low profile antennas are very useful in applications such as missile, aircraft, cellular 

applications and satellites, because in these types of applications, some commonly important 
constraints are cost, size, weight, performance and easy installation. Microstrip patch antenna 
fits quite comfortably in this category. 
This thesis work aimed to design the dual band microstrip patch antenna arrays operating at 
frequencies of 3.5 GHz and 5.0 GHz. Two schemes were used to design the antenna array 
which is the antenna array with same patch size and antenna array with alternating patch size. 
Different array configuration with 2, 4, 8 and 16 elements were designed and simulated in 
Agilent Inc EDA tool ADS using Roger RO4350B substrate with a height of 1.524 mm, and 
transmission-line model was used for the analysis. Array configuration with 2, 4 and 8 
elements were fabricated, and results were measured with the help of the network analyzer in 
the Lab. Distinct antenna parameters were studied such as VSWR, impedance bandwidth, 
gain, directivity, antenna radiation efficiency, axial ratio and radiation pattern to evaluate the 
performance of antennas. Focusing on impedance bandwidth it can be claimed that the 
microstrip patch antenna arrays have better performance as compared to the single microstrip 
patch antenna designed. 
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1. Introduction 
Antennas are a vital component of any wireless communication system, with the 

advancement in wireless communication; there is a considerable development in the field of 
antennas. Initially, antennas were used to transmit the electromagnetic waves in experiments 
but later after the World War 2 antennas completely transformed the living style of a common 
person by the introduction of television and radios. When mobile phones entered the scenario 
in the 21st century every person who carries a mobile phone has at least one antenna on it, or 
it may also carry more than one antenna, e.g., if  it has additional services like GPS on it. 
There is a rapid increase in the data traffic consumption globally and one of the major factors 
for this striking increase in data consumption is due to the introduction of smart phones and 
tablet PC, and they have been rapidly adopted by the customers. So whenever customers 
connect to the data services, they expect high data rate. As there is a high expectation and 
demand from the customer side so there is a heavy burden on the network to achieve adequate 
system performance. Hence as a result of it antenna is becoming a key element. Optimization 
of the antennas in the data devices is becoming more critical as high data rate satisfies the 
customers, so they switch to other network providers who have a high data rate. So 
implementation of 4G antenna is a challenge such that it can produce a high data rate with 
limited space on the device. Extensive research is being carried out to produce the antennas, 
which have a small space to occupy with maximum efficiency. 

1.1. History 
So we will start from the very basic definition about what is an antenna? An antenna is 

defined by Webster’s dictionary as “a usually metallic device (as a rod or wire) for radiating 
or receiving radio waves.” [1] The IEEE standard definition of terms for antenna defines the 
term antenna or aerial as a “means of receiving or radiating radio waves.” [1]. 
James Clerk Maxwell combined the theories of magnetism and electricity and presented their 
relationship in the form of a set of equations most famously known as the Maxwell’s 
equations [2]. The first wireless communication system was established by Professor Heinrich 
Rudolph Hertz in which an electric spark was forced to occur in the gap of dipole antenna. 
Loop antenna was used as a receiving antenna and the spark was detected in the nearby loop. 
In 1901, Guglielmo Marconi succeeded in transmitting and receiving the signals via antenna 
over the large distance. On the transmitting side of the antenna several vertical wires 
connected to the ground were used by him while on the receiving side a wire of 200 m in 
length, held up by a kite [2]. 
Now we will look at the fundamentals of the antenna that is why an antenna radiates. When 
charges are accelerated this cause change in the field around the charges, fields in respond to 
this change try to align them self around the charge so if  a set of moving charges can produce 
i.e. simply electric current, then we shall have the radiation. So accelerating charges produces 
changing electric fields and that causes radiation. As the Maxwell’s equations say that time 
varying electric fields produces magnetic fields, so we will have electromagnetic radiations so 
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the main concept behind the antenna is that power from the receiver is transferred into the 
electromagnetic radiations moving away from the antenna. To achieve this, the impedance of 
the antenna is to be approximately matched with the receiver and the current which is causing 
the radiation should be added up in phase. This is necessary because if  they are not in phase, 
they will cancel each other, which is the case in a transmission line. 

1.2. Background and Motivation 
This thesis work has been carried out in partial fulfillment for an MSc degree in 

Wireless Networks and Electronics at Linköping University, Sweden. Microstrip antennas are 
rapidly developing for the past few decades due to their small size, low cost, low weight, and 
they are easily fabricated on the PCB (Printed Circuit Board). Our task was to investigate the 
characteristics of dual band microstrip patch antenna array. Nowadays, the 4G handheld 
phones and smart phone antennas are operating on dual-frequency, i.e., 4G LTE (Long-Term 
Evolution) and the WLAN (Wireless Local Area Network) so we will cover both these bands. 
4G LTE (Long-Term Evolution) has 11 bands, and we will cover LTE band number 42 i.e., 
3.4 GHz – 3.6 GHz and for WLAN (Wireless Local Area Network) we will cover 5.0 GHz 
RF band that is for 802. 11a. 

1.3. Objectives 
Following are the objectives of this thesis work: 
1) Preliminary study of microstrip patch antenna. 
2) Microstrip patch antenna design at 3.5 GHz and 5.0 GHz separately using (inset feed, 

quarter wave transmission line and edge feed) technique. 
3) Comparison of microstrip patch antennas designed in step 2. 
4) Dual band microstrip patch antenna design covering both the frequencies i.e., 3.5 GHz 

and 5.0 GHz using microstrip line (edge feed) technique. 
5) Design of array configuration (2, 4, 8 and 16 elements) for the dual band microstrip 

patch antenna using same patch size designed in step 4. 
6) Design of array configuration (2, 4, 8 and 16 elements) for the dual band using 

alternate patch size designed in step 2. 
7) Comparison of array configuration designed in step 5 and step 6. 
8) PCB design and manufacturing of dual band microstrip patch antenna covering both 

the frequencies i.e., 3.5 GHz and 5.0 GHz using microstrip line (edge feed) technique 
designed in step 4, array configuration (2, 4 and 8 elements) for the dual band 
microstrip patch antenna using same patch size designed in step 5 and array 
configuration (2, 4 and 8 elements) for the dual band using alternate patch size 
designed in step 6. 

9) Comparison of the simulated and measured results. 
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1.4. Outline of the Thesis 
Chapter 1 consists introduction, history, background, motivation and objectives of the thesis 
work. 
Chapter 2 includes different antenna parameters used to analyze antenna performance. 
Chapter 3 provides the theory about patch antenna, types of patch antenna, feeding 
techniques, method of analysis, theory about antenna array and types of antenna array. 
Chapter 4 includes design, simulation and measured results of patch antennas. 
Chapter 5 consists of design, simulation and measured results of antenna arrays. 
Chapter 6 provides comparison and conclusion of the thesis work. 
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2. Antenna Parameters 
Antenna parameters are used to analyze the performance of an antenna. Antenna 

parameters discussed in this chapter are radiation pattern, directivity, antenna efficiency, gain 
and polarization. 

2.1. Radiation Pattern 
The radiation pattern of an antenna is defined as “a mathematical function or a graphical 

representation of the radiation properties of the antenna as a function of space coordinates” 
[1]. We can also say that radiation pattern is the variation of the radiated power by an antenna 
in the direction away from the antenna, and this variation in power is observed in the far field 
of the antenna as a function of arrival angle or directional coordinates. Radiation pattern parts 
are mainly referred as lobes, which are further sub classified as major, minor, side and back 
lobes. Figure 2.1 shows the three dimensional symmetrical polar pattern which has numbered 
of radiation lobes. Major lobe which is also termed as main beam contains the direction of the 
maximum radiation. Any lobe other than a main lobe is minor lobe. Side lobe is defined as the 
lobe which is not in the intended direction. A back lobe is the radiation lobe which is in the 
opposite direction to the main radiation lobe it makes the angle of approximately 180° to the 
main beam. Radiations in the undesirable directions are usually present in the form of minor 
lobes, and it should be minimized. Side lobe level (SSL) or side lobe ratio is the level of 
minor lobe, which is usually expressed as a ratio of power density to that of major lobes. In 
most of the applications, SSL of -20 dB or lower is desirable. Half power beam width 
(HPBW) is the angular separation in which there is a decreased by 50% or -3 dB in the 
magnitude of the radiation pattern from the peak to the main beam. Figure 2.2 shows the 
linear plot of power pattern and its associated beam widths and lobes. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.1: Beam widths and radiation lobes of antenna pattern [1]. 
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Figure 2.2: Linear plot of power pattern and its associated beam widths and lobes [1]. 

2.2. Directivity 
The directivity of the antenna means that how directional an antenna is meaning that 

how much the radiation pattern of the antenna is directional. The directivity of an antenna is 
defined as “the ratio of the radiation intensity in a given direction from the antenna to the 
radiation intensity averaged over-all directions” [3]. Or it can be simplified as the radiation 
intensity in a given direction divided by the average radiation intensity in all directions. 
So directivity is defined as.               (2.1) 

Where 
D = antenna directivity  
U = antenna radiation intensity   = average antenna radiation intensity 
P = radiated power 

Isotropic antennas have the value of directivity equal to unity as all the power is 
radiated in all directions equally but the non isotropic antenna will have the value of 
directivity greater than one. When the main lobe of an antenna is narrow, it would be having 
the better directivity. 

2.3. Antenna Efficiency 
The efficiency of the antenna means that how efficiently an antenna is operating. 

Efficiency of the antenna is associated with power delivered to the input of the antenna and 
the power dissipated or radiated within the antenna structure. Losses within the antenna 
structure and at the input terminal of the antenna need to be taken into the account for the total 

efficiency of the antenna. Typical Losses related within an antenna structure are   R, i.e. 
dielectric loss and conduction loss. 
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Antenna radiation efficiency is the ratio of the power radiated to the power input of the 
antenna.       =    

           (2.2) 

There is also another type of loss, which is reflection caused due to the mismatch between the 
antenna and transmission line. So the overall antenna efficiency is given by [1].   =             (2.3) 

Where    =           is the reflection efficiency,    is dielectric efficiency,    is the 

conductance efficiency and    is the total efficiency. 
So the total efficiency of the antenna is.   =                  (2.4) 

An antenna is said to be highly efficient when most of the power is radiated away, which is 
present at the input. In a low efficiency antenna, most of the power is reflected back due to 
impedance mismatch or absorbed within the antenna due to losses. Most commonly antenna 
efficiency is quoted in percentage. 

2.4. Gain 
Gain is the useful antenna parameter which describes the measure of the performance of 

an antenna. Antenna gain and directivity are closely related. Directional capabilities and 
antenna efficiency are taken into the account when measuring antenna gain. 
Antenna gain defined in the IEEE standard definition of terms is “in a given direction, that 
part of the radiation intensity corresponding to the given polarization divided by the radiation 
intensity that would be obtained if the power accepted by the antenna were radiated 
isotropically”[4].  
Gain can be obtained from the antenna directivity as is given in [3].           (2.5) 
Where D is the directivity and    is radiation efficiency, so we can also define the gain as the 
product of directivity and radiation efficiency of the antenna. 
There are also absolute and relative gains of an antenna which are given in [1]. 
                  

                                                    
          (2.6) 

                                                         (2.7) 

2.5. Polarization 
Antenna polarization is the polarization of the radiated fields generated by an antenna. 

Electromagnetic waves have the property that is polarization, which describes the electric 
field vector’s direction and magnitude as a function of time in other terms electric field 
orientation in space to the given position. Polarization of both the antenna that is receiving 
and transmitting has to be the same for the communication because of the reciprocity property 
of the antennas. Vertically polarized antenna will not communicate with horizontally 
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polarized antenna and vice versa. When the direction of the wave propagation and the rotation 
of the electric field vector from the right hand rule then the electric field is traced in a 
clockwise (CW) direction, and it is called right hand polarization. While when an electric 
field is traced in a counterclockwise direction (CCW) it is called left hand polarization. 
Polarization can be categorized as linear, circular or elliptical. 

2.5.1. Linear polarization 
Radiated wave is said to be polarized linearly in space when the field vector (electric or 

magnetic) is always oriented along the straight line. 

2.5.2. Circular polarization 
At a given point in space, the field vector (electric or magnetic) traces a circle as a 

function of time at that point then the radiated wave is said to be circularly polarized. 

2.5.3. Elliptical polarization 
When the field vector (electric or magnetic) is traced as an ellipse then the field is 

elliptically polarized. Linear and circular polarizations are the special cases of an ellipse. If 
the ellipse becomes a straight line, then it is linear polarization and when it becomes a circle, 
then it is a circular polarization [3]. 
In Figure 2.3 EM wave radiated by an antenna has two components in the electric field E that 
is EX and EY. 

 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.3: Electromagnetic wave polarization. 
   =                   (2.8)   =                     (2.9) 

EX and EY shows the type of polarization of the antenna and electromagnetic wave while      
and      are the field components in x and y direction which indicates the field amplitude.   
indicates the phase difference between the field components in x and y direction. When        the antenna and the wave are said to be linearly polarized, when            the 

antenna and wave is said to be circularly polarized. When             it is said to be 

elliptically polarized. 
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3. Patch Antenna 
Low profile antennas are very useful in high-performance applications such as missile, 

aircraft and satellites, because in these types of applications, major constraints are cost, size, 
weight, performance and easy installation. Patch antennas can be used as it posses all the 
mention attributes. 

3.1. Introduction 
As wireless and mobile communication industry is spreading so use of patch antennas is 

increasing because they require a low profile antenna and patch antenna fit quite easily in this 
category, as it has low cost, light weight and can easily be fabricated using standard etch 
based PCB process. 
Besides the advantages above patch antennas have also some other advantages such as, they 
are comfortable to non planar and planar surfaces. They are very versatile in terms of 
impedance, polarization, pattern and resonant frequency when a patch of particular mode and 
shape is selected. 
There are also disadvantages of the patch antenna which are low performance, low power and 
narrow bandwidth. Most of the applications require high bandwidth but there are some 
applications, which require less bandwidth. As the use of patch antenna is spreading a lot of 
research is being carried out to overcome the disadvantages of the patch antenna up to some 
extent it is being accomplished. Most of the applications in the mobile and wireless 
communication require a wide bandwidth, and many techniques have been developed to 
increase the bandwidth of the patch antenna. 
Patch antenna generally consists of four parts that are radiator, feeding point, substrate and 
ground plane. The patch is of the width W, length L, and it is residing on the top of the 

substrate with permittivity of    and of thickness h. the thickness of the microstrip or ground 
plane is not critically important. Typically, as compared to the wavelength of operation height 

h is much smaller as it is described in the relation h     usually 0.003               [1]. 
The input impedance of the patch antenna is controlled by the width of the antenna, by 
increasing the width of the antenna, we can reduce the input impedance but due to increase in 
width more valuable space is occupied. The radiation pattern is also controlled by the width of 
the antenna. The fields of the patch antenna are linearly polarized. Patch antenna has 
approximately 5-7 dB directivity. Patch antenna can be sorted in the category of single 
element resonant antenna, which means that once the frequency is provided everything remain 
the same such as input impedance and radiation pattern.  
There are various numbers of substrates that are used when designing the patch antenna with a 
dielectric constant within the range from 2.2 – 12 [1]. The choice of the substrate is very 
important, but it depends on the design requirement. Usually thick substrates with dielectric 
constant range at the lower limit are more desirable for the good antenna performance. As 
they provide larger bandwidth and better antenna efficiency but at the cost of large element 
size [5]. On the other end, thin substrates are used when small element size is required, and 
they also reduce the unwanted coupling effects and radiations. Their disadvantages are that 
they have relatively smaller bandwidth, greater losses and less efficient. As patch antennas are 
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used with other circuit elements, so there is some trade off that has to be made between circuit 
design and better antenna performance. Figure 3.1 shows the rectangular microstrip patch 
antenna. 

 

              50 Ω 

patch

h

  
Figure 3.1: Rectangular microstrip patch antenna. 

3.2. Types of Patch Antenna 
To meet the specific requirements, there are different shapes of microstrip patch 

antenna; some are listed in Figure 3.2. These patches are easy to analyze and fabricate. 
 
 
 
 
 
 

                  
 
 
Figure 3.2: Different shapes of patch antenna. 

3.3. Feeding Techniques 
There are many techniques that are used to feed the microstrip patch antenna but 

below four techniques are mostly used. 
1) Microstrip line feed 
2) Aperture coupling 
3) Coaxial probe 
4) Proximity coupling 

   

   
  L 

W 

Square Circular Rectangular Triangle 

Disk with slot Circular disk Ellipse Quintuple 
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Matching the antenna input impedance to the feed line is very important this is because of the 
maximum power transfer principle. If the patch is not properly matched to the feed line, then 
the whole antenna efficiency is degraded. 

3.3.1. Microstrip Line Feed 
Microstrip line feed is easy to analyze, simple to match as feed position is controlled for 

matching, easy to fabricate and simple to model. As compared to the patch width the width of 
the feed line is much smaller. We have used three types of microstrip line feed technique, 
which are as follows and are shown in Figure 3.3. 

a) Inset feed 
b) Quarter wave transmission (QWT) line feed 
c) Edge feed                           

                                 

 

 

 

 

 

 

 

 

 

Figure 3.3: Microstrip line feeding techniques. 
 

Quarter wave transmission line and inset feeding techniques are also widely used and is 
discussed in [6].  
Patch impedance at the edge of the patch is given by equation 3.1 [6].    = 90  

         (
  ) 2    (3.1) 

Zo = 50 Ω 

Zo = 50 Ω Zo = 50 Ω 

(a) Inset feed (b) QWT line feed 

(c) Edge feed 
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Quarter wave transmission line characteristic impedance is given by equation 3.2.               (3.2) 

Quarter wave transmission line width is given by equation 3.3 [6].    = 
                       (3.3) 

50 Ω microstrip line width can be calculated from equation 3.4.    = 
                                            (3.4) 

Quarter wave transmission line length is given by equation 3.5.   = 
   = 

            (3.5) 

3.3.2. Aperture Coupling 
Microstrip feed and coaxial probe feed produce cross polarized radiation problems. As 

they generate higher-order mode so to overcome this sort of problem aperture coupling was 
introduced. In aperture coupling, there are two substrates separated by a ground plane. Lower 

substrate     with microstrip line under it and upper substrate     has patch on it. Microstrip 
feed line energy is coupled to the patch via the slot on the ground plane which separates the 
two substrates. This type of arrangement allows the optimization of the feed line and radiating 
patch independently. A material with low dielectric constant is used for the top substrate and 
material with high dielectric constant is used for the lower substrate. 
As two substrates are separated by ground plane, so due to this separation polarization 
polarity is minimized. Aperture coupling is relatively easy to model, but it is very difficult to 
fabricate and it also gives a narrow bandwidth. 

3.3.3. Coaxial Probe Feed 
The coaxial probe feed is widely used, and it is easy to match and fabricate. In coaxial 

probe feed power to the patch is coupled through the probe. If the feed point is adjusted to 50 Ω then an N-type coaxial connector of 50 Ω and cable is required. Radiation patch is attached 
to the inner conductor of the radiation patch and the ground plane is connected via the outer 
conductor of the coaxial. Disadvantage of the coaxial probe feed is that it is difficult to model 
for thick substrate comparatively, and it also has a narrow bandwidth. Figure 3.4 show a 
coaxial probe feed technique. 
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Figure 3.4: Coaxial probe feeding. 

3.3.4. Proximity Coupling 
Proximity coupling also uses two substrates just like aperture coupling but the 

difference is that the ground plane is located at the bottom. The patch is located at the top of 
the substrate and feeding line is located in between the two substrates, and it is connected to 
the power source. This type of coupling is also known as “electromagnetically coupled 
microstrip feed.” 
The principle that runs the proximity coupling is capacitive that is the behavior between the 
feed strip line and the patch is capacitive. The design of the proximity coupling is complicated 
because equivalent resonating R L C circuit for representing the patch has to be taken in order 
to account and also the effect of coupling capacitor between the patch and strip feed line has 
to be considered. The patch width to length ratio and feeding stub length can be used to 
control the matching. Among the all feeding techniques describe above proximity coupling 
has the larger bandwidth, but it is more difficult to fabricate. 

3.4. Method of Analysis 
There are many methods available for the analysis of the microstrip patch antenna. The 

most commonly used methods are transmission line model and cavity mode model. In 
transmission line model patch is assumed to be the transmission line while in cavity patch is 
considered as a dielectric loaded cavity. We will discuss both of the methods but we have 
used transmission line method in our design. 

3.4.1. Transmission Line Model 
We have chosen the rectangular patch for our design as it is more widely used and is 

easy to analyze in both the methods. To study the microstrip patch antennas, the transmission 
line model is a good choice. This method is good enough to design the antenna but results are 
not much accurate as compared to other methods. 
There are two different cases to study the theory of transmission line, and it is based on the 
W/h ratio. 

(1) W/h < 1  
(2) W/h > 1  

In the first case where W/h is less than one means narrow strip line, we are not interested in 
this case. We will consider the second case where W/h is greater than one meaning wide 

Ground plane 

N coaxial connector 

h                                                      
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transmission line and also    is greater than one. The antenna shown in Figure 3.5 is for the 
second case and it will help us to study the antenna. 
Some approximation has to be made for calculations; first we assume that conductor thickness 
t has no effect on our calculations which forms the line because as compared to the substrate 
height h it is very thin. We have used empirical formulas as it depends only on the line 

dimensions which are height h, length L, width W and substrate dielectric constant    [7]. 
Microstrip line characteristic impedance can be written as given by equation 3.4 [7].    = 

                                           
Transmission line width is given by equation 3.6 [7].                              = 

              (3.6) 

 
 
 
 
 
 

 
Figure 3.5: Electric Field Lines. 
 

Due to fringing effect the length of the microstrip patch antenna appears to be long as 
compared to the physical dimensions as it can be seen in the Figure 3.6. 
 
 
 
 
 
 
 
 
 
Figure 3.6: Effective and Physical length of microstrip patch. 

 
So there is a difference of    in length between the effective length and physical length as 

shown in Figure 9. This difference of length can be calculated as given by equation 3.7 [8]. 

  
       =                                                           (3.7) 

Equation 3.7 shows that the length       is the function of       and the ratio 
  . 

h    
Patch 

L 
   

W 

Patch 
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We can find the effective length (    ) by adding extension of length (     ) and length L as 

given by equation 3.8.      =              (3.8) 

We have to remember that the values of the characteristic impedance are approximate. 
To find the estimated value of dielectric constant consider that patch is entrenched into the 
dielectric as it can be seen in Figure 3.5. 

We can define Effective dielectric constant (     ) by assuming that dimensions h, t, and W 

are same. Dielectric constant also has the same electrical characteristics as of the dielectric 
material especially the propagation constant. 

For patch antennas the value of       is between unity and   . The value of the effective 

dielectric constant (     ) is closer to dielectric constant (  ) of the substrate when    > 1. 

As a function of effective dielectric constant (     ), frequency (  ) is given by equation 3.9.                               (3.9) 

Microstrip line behaves homogeneously when working with higher frequencies as it has one 
dielectric constant. Both the dielectric constants; effective and actual have very close values. 

We can calculate        from equation 3.10.       = 
                                    (3.10)  

From equation 3.10 it can be seen that effective dielectric constant (     ) is the function of 

substrate height h, transmission line width W and the substrate permittivity (  ). 
3.4.2. Cavity Model 

Higher order resonance is exhibited by microstrip patch antennas as they bear a 
resemblance to dielectric loaded cavities. Within the dielectric substrate that is between the 
patch and the ground plane normalized electric fields can be found. To be more precise by 
treating the perimeter of the patch as magnetic walls, open circuit can be simulated and the 
region is considered as a cavity, electrical conductors bounding below and above it or cavity 
model can also be described as “interior region of the patch is modeled as a cavity bounded by 
electric walls on the top and bottom and a magnetic wall all along the periphery.” [8]. 
On the observations given below the above assumption is made for cavity model. 

1) Components of the electrical current in the patch are not normal to the edge of the 

patch. Which implies that along the edge tangential components of    is negligible so 
along the fringe a magnetic wall can be placed. 

2) In the region three field components exist all of them are enclosed by the cavity. 

Magnetic field H has two components along x and y axis (  ,  ) and electric field E 

has one component along z axis (  ). Electrical walls at the top and bottom are 
provided due to this observation. 
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3) Field in the interior does not change with z-axis because h (substrate height) is very 
thin. 

Now we will discuss the mechanism of the cavity. 
When a microstrip patch is connected to the source, charge distribution is established on the 
ground plane and on the lower and upper surface of the patch as it can be seen in the Figure 
3.7. 

                             
 
 
 
 
 
Figure 3.7: Current density and charge distribution on microstrip antenna. 
 

Two mechanisms control these charge distributions that are repulsive mechanism and 
attractive mechanism. Attractive mechanism takes place between the subsequent opposite 
charges on the ground plane and on the bottom side of the patch. Due to this mechanism 
charge concentration is maintained at the bottom of the patch. While repulsive mechanism 
takes place on the bottom surface of the patch between the like charges. Due to repulsion 
some charges are pushed from the bottom of the patch to top surface of the patch from its 

edges. At the top and bottom surface subsequent current densities     and    are produced due 

to movement of these charges. Most of the current flow and charge concentration remain 
underneath the patch because width to height ratio in most of the microstrip is very small as a 
result attractive mechanism dominates. A small amount of current flows to the top surface of 
the patch around the edges, however this flow of current can be minimized by decreasing the 
width to height ratio. In the limit, the flow of current would be zero to the top surface of the 
patch but this will be the ideal situation due to which at the edges of the patch magnetic field 
tangential components would not be created. This will allow the modeling of the perfect 
magnetic surfaces on the four side walls. As a result of this ideal situation magnetic field 
would not be disturbed, in turn beneath the patch electric field distribution would not be 
disturbed. But this is an ideal case scenario in practice width to height ratio has finite limit but 
as the amount of current flow around the edges of the patch is very small it can be considered 
as ideal approximately. 

As we discussed earlier that cavity encloses three field components   ,    and    and we 

know that wave equation is given by equation 3.11 

+++++++++ - - - - - - - 

                          Ground plane 

h 

W 
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                               (3.11)  

So we can rewrite wave equation as given by equation 3.12                              (3.12)    Is the wave number,    =        . 
Where    is electric current density due to feedline. 
For the wave equation to be satisfied following boundary conditions given in equation 3.13 
and 3.14 must be fulfilled by the fields. 
For conductors on the top and the bottom                (3.13) 
For walls                (3.14) 

3.5. Antenna Array 
The combination of two or more antennas is termed as antenna array or it is also called 

as phased array. The signals from multiple antennas are processed or combined in order to 
enhance performance as compared to a single antenna. The antenna array has many 
advantages some of them are: 

 Interference from specific set of directions is canceled out. 

 An arrival direction of incoming signals is determined. 
 Overall increase in gain and directivity. 

 Steer the beam in a particular direction. 

Long distance communication demands antennas which have high directivity but usually 
single elements have low directivity (gain) and their radiation pattern is relatively wide. If 
antenna dimensions are increased electrically, directive characteristics of an antenna can be 
increased. In antenna array, antenna dimensions are increased without increasing the size of 
the single element so an assembly is formed of radiating elements which are configured 
electrically and geometrically but there is a tradeoff in designing the antenna array and that is 
complexity, size and cost is increased. 
Antenna arrays are widely used and they have great importance in many applications such as 
satellite communication, in the military and in missile technology. One of the important 
functions of the array is array factor. Array factor is defined as “The function of the total 
number of elements, their spacing and the phase difference between each element” [λ] 
mathematically array factor is defined by equation 3.15 [6]. 

Array factor (AF) =                            (3.15)     

Where   is the phase difference between two adjacent elements. The maximum value of 
above array factor is N, normalized array factor of a uniform array is given by equation 3.16 
[6]. 
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(AF)n = 
                       (3.16) 

Every array has an array factor. It is a function of the number of elements their relative 
magnitude, spacing, phases and geometrical arrangement. If elements have the same spacing, 
phases and amplitude then there will be a simpler form of array factor. Array factor is 
independent of the radiating element directional characteristics so array factor can be 
formulated when actual elements are replaced by isotropic sources. 
Pattern multiplication is the concept in which all the antennas are of the same type in an 
antenna array and their physical orientation is same. If this is the case then the array radiation 
pattern is simply the product of array factor and radiation pattern as given by equation 3.17.                                                        (3.17) 

There are different types of concepts in arrays i.e., isotropic linear array, phased array, 
broadside array and end-fire array. Broadside array and end-fire array are discussed below. 

3.5.1. Broadside Array 
In broadside array, antennas are placed along the straight line and they produced the beam 

which is perpendicular to the line or when array elements are phased in such a way that array 
pattern’s main lobe is perpendicular to the array axis. For design optimization the array factor 
and single element maxima should be aimed towards      . The requirements of the array 
factor can be achieved when individual radiators are properly excited and separated, and 
single elements are selected judiciously. 
Array factor has a maximum value as given by equation 3.18                  (3.18) 

For broadside array normalized array factor is given by equation 3.19 

(AF)n = 
   

                                (3.19) 

For broadside array     and        so same phase is necessary for all the elements. 

3.5.2. End-fire Array 
In broadside array maximum radiation is perpendicular to the axis of the array but when 

maximum radiation is towards the array axis it is termed as end-fire array or, when array 
elements are phased in such a way that array pattern’s main lobe lies along the array axis. 
Direction of radiation must be in either of the one direction that is              .  
If first maximum direction is towards          We know from equation 3.18 that.              
So   = -    

If first maximum is towards        than.   =    

So end fire is achieved when       and   =    or        and   = -   . 
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4. Design 
Our goal was to design a dual band microstrip patch antenna array at 3.5 GHz and 5.0 

GHz so firstly we designed single microstrip patch antennas at these frequencies. We used 
microstrip line (inset feed, quarter wave transmission line and edge feed) technique to feed the 
microstrip patch antenna at both the frequencies separately. Secondly we designed a dual 
band microstrip patch antenna covering both the frequencies i.e., 3.5 GHz and 5.0 GHz using 
microstrip line (edge feed) technique. 

4.1. Specification 
The specification of the substrate we used for simulation. 
 Substrate   RO4350B 
 Permittivity   3.66 

 Loss Tangent   0.0033 
 Height   1524 たm 

 Conductor Thickness  70 たm  
 Conductivity   5.8 E + 007 S/m 

4.2. Patch Antenna designed for 3.5 GHz 
Patch antennas designed at 3.5 GHz frequency using inset feed, quarter wave 

transmission line feed and edge feed technique are shown in Figure 4.1, 4.2 and 4.3 
respectively. 

 
Figure 4.1: Patch antenna designed at 3.5 GHz frequency using the inset feed technique. 
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In Figure 4.1 for the inset feed technique, the antenna is matched to a 50 Ω feedline. The 
length of the patch radiator is 22.52 mm and width is 28.1 mm. Length of the 50 Ω feedline is 
25.3 mm and width is 3.3 mm and the feedline is inset 6.14 mm into the radiator. 

 
Figure 4.2: Patch antenna designed at 3.5 GHz frequency using quarter wave transmission line feed 
technique. 

 
For the quarter wave transmission line feed technique shown in Figure 4.2, the antenna is 
matched to a 50 Ω feedline using quarter wave transmission line since at the edge of the 
antenna the impedance is more than 50 Ω. The length of the patch radiator is 21.57 mm and 
width is 28.1 mm. Length of the 50 Ω feedline is 25.3 mm and the width is 3.3 mm. Length of 
the quarter wave transmission line is 11.7 mm and width is 0.7 mm. 

 
Figure 4.3: Patch antenna designed at 3.5 GHz frequency using edge feed technique. 
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For the edge feed technique shown in Figure 4.3, length of the patch radiator is 21.67 mm and 
width is 28.1 mm. Since at the edge of the antenna the impedance is more than 50 Ω so by 
putting the values of the length and width of the patch radiator in LineCalc tool in ADS and 
by Analyze we found out that the impedance at the edge of the antenna is 102.5 Ω. The 
antenna is matched to a 102.5 Ω feedline. Length of the 102.5 Ω feedline is 12 mm and width 
is 0.7 mm. 
 
VSWR and impedance bandwidth of patch antenna at 3.5 GHz using the inset feed technique 
is shown in Figure 4.4. 
 

 
Figure 4.4: VSWR and impedance bandwidth of patch antenna at 3.5 GHz using the inset feed 
technique. 
 

In Figure 4.4 at 3.5 GHz VSWR is 1.072 which means the patch radiator is perfectly matched 
to the 50 Ω feedline which is inset into the radiator. Impedance bandwidth at VSWR 2.0 is 
65.5 MHz. 
 
VSWR and impedance bandwidth of patch antenna at 3.5 GHz using quarter wave 
transmission line feed technique is shown in Figure 4.5. 
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Figure 4.5: VSWR and impedance bandwidth of patch antenna at 3.5 GHz using quarter wave 
transmission line feed technique. 
 

In Figure 4.5 at 3.5 GHz VSWR is 1.007 which means the patch radiator is perfectly matched 
to the 50 Ω feedline using a quarter wave transformer. Impedance bandwidth at VSWR 2.0 is 
65.6 MHz. 
 
VSWR and impedance bandwidth of patch antenna at 3.5 GHz using edge feed technique is 
shown in Figure 4.6. 
 

 
Figure 4.6: VSWR and impedance bandwidth of patch antenna at 3.5 GHz using edge feed technique. 

 
In Figure 4.6 at 3.5 GHz VSWR is 1.011 which means the patch radiator is perfectly matched 
to the 102.5 Ω feedline. Impedance bandwidth at VSWR 2.0 is 61.6 MHz. 

3.2 3.4 3.6 3.83.0 4.0

1.5

2.0

2.5

3.0

3.5

1.0

4.0

Frequency (GHz)

V
S

W
R

3.2 3.4 3.6 3.83.0 4.0

1.5

2.0

2.5

3.0

3.5

1.0

4.0

Frequency (GHz)

V
S

W
R



22 
 

4.3. Patch Antenna designed for 5.0 GHz 
Patch antennas designed at 5.0 GHz frequency using inset feed, quarter wave 

transmission line feed and edge feed technique are shown in Figure 4.7, 4.8 and 4.9 
respectively. 

 
Figure 4.7: Patch antenna designed at 5.0 GHz frequency using the inset feed technique. 
 

In Figure 4.7 for the inset feed technique, the antenna is matched to a 50 Ω feedline. The 
length of the patch radiator is 15.75 mm and width is 1λ.7 mm. Length of the 50 Ω feedline is 
17.6 mm and width is 3.3 mm and the feedline is inset 4.37 mm into the radiator. 

 
Figure 4.8: Patch antenna designed at 5.0 GHz frequency using quarter wave transmission line feed 
technique. 
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For the quarter wave transmission line feed technique shown in Figure 4.8, the antenna is 
matched to a 50 Ω feedline using quarter wave transmission line since at the edge of the 
antenna the impedance is more than 50 Ω. The length of the patch radiator is 14.83 mm and 
width is 1λ.7 mm. Length of the 50 Ω feedline is 17.6 mm and width is 3.3 mm. Length of the 
quarter wave transmission line is 8.27 mm and width is 0.7 mm. 

 
Figure 4.9: Patch antenna designed at 5.0 GHz frequency using edge feed technique. 
 

For the edge feed technique shown in Figure 4.9, length of the patch radiator is 14.89 mm and 
width is 1λ.7 mm. Since at the edge of the antenna the impedance is more than 50 Ω so by 
putting the values of the length and width of the patch radiator in LineCalc tool in ADS and 
by Analyze we found out that the impedance at the edge of the antenna is 102.λ3 Ω. The 
antenna is matched to a 102.λ3 Ω feedline. Length of the 102.λ3 Ω feedline is 8 mm and 
width is 0.7 mm. 
 
VSWR and impedance bandwidth of patch antenna at 5.0 GHz using the inset feed technique 
is shown in Figure 4.10. 

 
Figure 4.10: VSWR and impedance bandwidth of patch antenna at 5.0 GHz using the inset feed 
technique. 
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In Figure 4.10 at 5.0 GHz VSWR is 1.167 which means the patch radiator is matched to the 
50 Ω feedline which is inset into the radiator. Impedance bandwidth at VSWR 2.0 is 106.3 
MHz. 
 
VSWR and impedance bandwidth of patch antenna at 5.0 GHz using quarter wave 
transmission line feed technique is shown in Figure 4.11. 

 
Figure 4.11: VSWR and impedance bandwidth of patch antenna at 5.0 GHz using quarter wave 
transmission line feed technique. 
 

In Figure 4.11 at 5.0 GHz VSWR is 1.031 which means the patch radiator is perfectly 
matched to the 50 Ω feedline using quarter wave transformer. Impedance bandwidth at 
VSWR 2.0 is 125.9 MHz. 
 
VSWR and impedance bandwidth of patch antenna at 5.0 GHz using edge feed technique is 
shown in Figure 4.12. 

 
Figure 4.12: VSWR and impedance bandwidth of patch antenna at 5.0 GHz using edge feed technique. 
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In Figure 4.12 at 5.0 GHz VSWR is 1.013 which means the patch radiator is perfectly 
matched to the 102.λ3 Ω feedline. Impedance bandwidth at VSWR 2.0 is 119.8 MHz. 
 
Table 1:  Impedance bandwidth comparison of patch antennas designed at 3.5 GHz and 5.0 GHz using 
inset feed, quarter wave transmission line and edge feed technique. 

Frequency 
(GHz) 

VSWR Inset Feed BW 
(MHz) 

そ/4 
Transmission 

line BW (MHz) 

Edge Feed BW 
(MHz) 

3.5 2.0 65.5 65.6 61.6 

3.0 104.2 104.3 100.3 

5.0 2.0 106.3 125.9 119.8 

3.0 173.6 201.5 195.4 
 
Table 2: Calculated and Simulated lengths and widths of patch antenna at 3.5 GHz and 5.0 GHz using 
different feeding techniques. 

Frequ
ency 
(GHz

) 

Feeding 
Technique 

VSWR Calcul
ated 

Patch 
Lengt

h 
(mm) 

Simul
ated 

Patch 
Lengt

h 
(mm) 

Calculate
d Patch 
Width 
(mm) 

Simul
ated 

Patch 
Width 
(mm) 

Feed 
Line 
Lengt

h 
(mm) 

Feed 
Line 
Widt

h 
(mm

) 

Inset, 
そ/4 line 
(L,W), 
Edge 

Impeda
nce 

3.5 Inset Feed 1.072 21.92 22.52 28.1 28.1 25.3 3.3 6.14 
mm 

そ/4 
Transmissi

on line 

1.007 21.92 21.57 28.1 28.1 25.3 3.3 11.7 
mm, 

0.7 mm 

Edge Feed 1.011 21.92 21.67 28.1 28.1 12.0 0.7 102.5 
Ω 

5.0 Inset Feed 1.167 15.07 15.75 19.7 19.7 17.6 3.3 4.37 
mm 

そ/4 
Transmissi

on line 

1.031 15.07 14.83 19.7 19.7 17.6 3.3 8.27 
mm, 

0.7 mm 

Edge Feed 1.013 15.07 14.89 19.7 19.7 8.0 0.7 102.93 
Ω 

4.4. Dual Band Patch Antenna designed with Ideal ground plane 
Design of a dual band microstrip patch antenna covering the frequencies i.e., 3.5 GHz 

and 5.0 GHz using microstrip line (edge feed) technique is shown in Figure 4.13. 
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Figure 4.13: Dual band microstrip patch antenna covering the frequencies of 3.5 GHz and 5.0 GHz 
using edge feed technique. 

 
In Figure 4.13 the length of the patch radiator is 21.6 mm and width is 30.51 mm. Length of 
the feedline is 9.6 mm and width is 1.3 mm. 
 
VSWR and impedance bandwidth of dual band microstrip patch antenna at 3.5 GHz and 5.0 
GHz using edge feed technique is shown in Figure 4.14. 

 
Figure 4.14: VSWR and impedance bandwidth of dual band microstrip patch antenna at 3.5 GHz and 
5.0 GHz using edge feed technique. 
 
In Figure 4.14 at 3.5 GHz VSWR is 1.556 and at 5.0 GHz VSWR is 1.450 which means the 
patch radiator is matched to the feedline. So it means the antenna is covering both the 
frequencies i.e., 3.5 GHz and 5.0 GHz. Impedance bandwidth for 3.5 GHz at VSWR 2.0 is 
67.2 MHz while impedance bandwidth for 5.0 GHz at VSWR 2.0 is 60.0 MHz. 
 
For the antenna designed in Figure 4.13, Gain and Directivity are shown in Figure 4.15. 
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Figure 4.15: Gain and Directivity of dual band microstrip patch antenna using edge feed technique. 

 
In Figure 4.15, gain is 5.957 dBi and directivity is 6.759 dBi. Directivity of an isotropic 
antenna is 0 dBi and directivity of directional antenna is 5-7 dBi, the antenna designed in 
Figure 4.13 is a directional antenna and its radiation efficiency is 83.3 %. 
Axial Ratio of antenna designed in Figure 4.13 is shown in Figure 4.16. 

 
Figure 4.16: Axial Ratio of dual band microstrip patch antenna using edge feed technique. 
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In Figure 4.16, Axial Ratio for circular polarization (ARCP) is 50 dB while Axial Ratio shows 
how good an antenna is circularly or linearly polarized. If ARCP is unity than antenna is 
perfectly circular polarized and if ARCP is infinity then the antenna is perfectly linear 
polarized. The antenna designed in Figure 4.13 is linearly polarized antenna. 
 
Current flow in dual band microstrip patch antenna designed in Figure 4.13 is shown in 
Figure 4.17. 

 
Figure 4.17: Current flow in dual band microstrip patch antenna using edge feed technique. 

 
Radiation pattern at 3.5 GHz and 5.0 GHz for dual band microstrip patch antenna designed in 
Figure 4.13 is shown in Figure 4.18 and Figure 4.19 respectively. 

 
Figure 4.18: Radiation pattern of dual band microstrip patch antenna at 3.5 GHz. 
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Figure 4.19: Radiation pattern of dual band microstrip patch antenna at 5.0 GHz. 

 
The Radiation pattern of dual band microstrip patch antenna differs at 3.5 GHz and 5.0 GHz. 
This is due to the fact that electrical lengths get smaller at higher frequencies while physical 
lengths remain the same. 

4.5. Dual Band Patch Antenna designed with Non-ideal ground plane 
Design of a dual band microstrip patch antenna with non-ideal ground plane covering 

the frequencies i.e., 3.5 GHz and 5.0 GHz using microstrip line (edge feed) technique is 
shown in Figure 4.20 while the front and back view of manufactured prototype is shown in 
Figure 4.21. 

 
 

 
 
Figure 4.20: Dual band microstrip patch antenna with non-ideal ground plane covering the frequencies 
of 3.5 GHz and 5.0 GHz using edge feed technique. 
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Figure 4.21: Front and Back view of manufactured prototype of dual band microstrip patch antenna. 
 
In Figure 4.20 the length of the patch radiator is 21.6 mm and width is 30.5 mm. Length of the 
feedline is 9.6 mm and width is 1.3 mm. Length of the ground plane is 32 mm and width is 37 
mm. 
 
VSWR and impedance bandwidth of dual band microstrip patch antenna with non-ideal 
ground plane at 3.5 GHz and 5.0 GHz using edge feed technique is shown in Figure 4.22. 

 
Figure 4.22: VSWR and impedance bandwidth of dual band microstrip patch antenna with non-ideal 
ground plane at 3.5 GHz and 5.0 GHz using edge feed technique. 
 
In Figure 4.22 at 3.5 GHz VSWR is 1.401 and at 5.0 GHz VSWR is 1.305 which means the 
patch radiator is matched to the feedline. So it means the antenna is covering both the 
frequencies i.e., 3.5 GHz and 5.0 GHz. Impedance bandwidth for 3.5 GHz at VSWR 2.0 is 
97.6 MHz while impedance bandwidth for 5.0 GHz at VSWR 2.0 is 49.2 MHz. 
 
For the antenna designed in Figure 4.20, Gain and Directivity are shown in Figure 4.23. 
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Figure 4.23: Gain and Directivity of dual band microstrip patch antenna with non-ideal ground plane 
using edge feed technique. 

In Figure 4.23, gain is 4.760 dBi and directivity is 6.815 dBi. Directivity of an isotropic 
antenna is 0 dBi and directivity of directional antenna is 5-7 dBi, the antenna designed in 
Figure 4.20 is a directional antenna and its radiation efficiency is 62.3 %. 
Axial Ratio of antenna designed in Figure 4.20 is shown in Figure 4.24. 

 
Figure 4.24: Axial Ratio of dual band microstrip patch antenna with non-ideal ground plane using 
edge feed technique. 
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In Figure 4.24, Axial Ratio for circular polarization (ARCP) is 50 dB while Axial Ratio shows 
how good an antenna is circularly or linearly polarized. If ARCP is unity than antenna is 
perfectly circular polarized and if ARCP is infinity then the antenna is perfectly linear 
polarized. The antenna designed in Figure 4.20 is linearly polarized antenna. 
 
Current flow in dual band microstrip patch antenna designed in Figure 4.20 is shown in 
Figure 4.25. 

 
Figure 4.25: Current flow in dual band microstrip patch antenna with non-ideal ground plane using 
edge feed technique. 

 
Radiation pattern at 3.5 GHz and 5.0 GHz for dual band microstrip patch antenna with non-
ideal ground plane designed in Figure 4.20 is shown in Figure 4.26 and Figure 4.27 
respectively. 

 
Figure 4.26: Radiation pattern of dual band microstrip patch antenna with non-ideal ground plane at 
3.5 GHz. 
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Figure 4.27: Radiation pattern of dual band microstrip patch antenna with non-ideal ground plane at 
5.0 GHz. 
 
The Radiation pattern of dual band microstrip patch antenna with non-ideal ground plane 
differs at 3.5 GHz and 5.0 GHz. This is due to the fact that electrical lengths get smaller at 
higher frequencies while physical lengths remain the same. The difference in radiation pattern 
between ideal ground plane and non-ideal ground plane is that ideal ground plane has a 
radiation pattern in the upper half while non-ideal ground plane has side lobes in its radiation 
pattern. 

4.6. Ideal ground plane, Non-ideal ground plane and measured results 
for Dual Band Patch Antenna 
VSWR and impedance bandwidth of dual band microstrip patch antenna with the ideal 

ground plane, non-ideal ground plane and measured results at 3.5 GHz and 5.0 GHz using 
edge feed technique are shown in Figure 4.28. 

 
Figure 4.28: VSWR and impedance bandwidth of dual band microstrip patch antenna with ideal 
ground plane, non-ideal ground plane and measured results. 
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Table 3: Impedance bandwidth comparison of dual band microstrip patch antenna with ideal ground 
plane, non-ideal ground plane and measured results. 

Frequency 
(GHz) 

VSWR Ideal BW 
(MHz) 

Non-ideal BW 
(MHz) 

Measured BW 
(MHz) 

3.5 2.0 67.2 97.6 X 

3.0 120.4 156.3 116 

5.0 2.0 60.0 49.2 62 

3.0 104.2 77.6 106 
 

4.7. Dual Band Patch Antenna with different ground plane sizes 
Manufactured prototype of the dual band patch antenna with different ground plane 

sizes are shown in Figure 4.29. 
 

 
Figure 4.29: Manufactured prototype of dual band patch antenna with different ground plane sizes. 

 
Dual band patch antenna with different ground plane sizes were designed to observe the effect 
of ground plane on VSWR and impedance bandwidth. Figure 4.30 shows measured results of 
VSWR and impedance bandwidth for the dual band patch antenna with different ground plane 
sizes. 
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Figure 4.30: VSWR and impedance bandwidth for dual band patch antenna with different ground 
plane sizes. 
 
Table 4: Impedance bandwidth comparison of dual band microstrip patch antenna with ideal ground 
plane, non-ideal ground plane and measured results. 
Antenna Ground Plane 

Dimension 
Frequency 

(GHz) 
VSWR 

2.0 3.0 

L (mm) W (mm) Measured BW 
(MHz) 

Measured BW 
(MHz) 

1 41 42 3.5 89 154 

5.0 62 105 

2 36 42 3.5 75 144 

5.0 64 110 

3 36 41 3.5 76 148 

5.0 62 108 

4 46 41 3.5 96 162 

5.0 60 105 
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5. Array Design 
Two different designs of dual band microstrip patch antenna array are discussed in this 

chapter which are: 
 Antenna Array with same patch size 
 Antenna Array with alternate patch size 

5.1. Dual Band Patch Antenna Array with same patch size 
Using the dual band patch antenna designed in Figure 4.13, we designed and simulated 

same patch size array of 2, 4, 8 and 16 elements while we fabricated arrays of 2, 4 and 8 
elements and also measured their results. 

5.1.1. 2 Element Array with Ideal and Non-Ideal ground plane 
Using the dual band microstrip patch antenna designed in Figure 4.13 we designed a 2 

element array configuration covering both the frequencies i.e., 3.5 GHz and 5.0 GHz. An 
array of 2 elements with the ideal ground plane is shown in Figure 5.1. 

 
Figure 5.1: Array of 2 elements with ideal ground plane covering both the frequencies of 3.5 GHz and 
5.0 GHz. 

 
In Figure 5.1 the length of the patch radiator is 22.1 mm and width is 30.76 mm. Length of the 
feedline is 15 mm and width is 1.25 mm. Distance between the centers of both the feedline is 
58.75 mm. 
 
VSWR and impedance bandwidth of 2 element array configuration with ideal ground plane at 
3.5 GHz and 5.0 GHz is shown in Figure 5.2. 
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Figure 5.2: VSWR and impedance bandwidth of 2 element array configuration with ideal ground plane 
at 3.5 GHz and 5.0 GHz. 
 
In Figure 5.2 at 3.5 GHz VSWR is 1.252 and at 5.0 GHz VSWR is 1.323 which means the 2 
element antenna array is covering both the frequencies i.e., 3.5 GHz and 5.0 GHz. Impedance 
bandwidth for 3.5 GHz at VSWR 2.0 is 52.1 MHz while impedance bandwidth for 5.0 GHz at 
VSWR 2.0 is 106.8 MHz. 
 
A design of 2 element array configuration with non-ideal ground plane covering both the 
frequencies i.e., 3.5 GHz and 5.0 GHz is shown in Figure 5.3 while its manufactured 
prototype is shown in Figure 5.4. 
 

 
 
Figure 5.3: Array of 2 elements with non-ideal ground plane covering both the frequencies of 3.5 GHz 
and 5.0 GHz. 
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Figure 5.4: Manufactured prototype of 2 element array with same patch size. 
 
In Figure 5.3 the length of the patch radiator is 22.1 mm and width is 30.76 mm. Length of the 
feedline is 15 mm and width is 1.25 mm. Distance between the centers of both the feedline is 
58.75 mm. Length of the ground plane is 54 mm and width is 92.5 mm. 
 
VSWR and impedance bandwidth of 2 element array configuration with non-ideal ground 
plane at 3.5 GHz and 5.0 GHz is shown in Figure 5.5. 

 
Figure 5.5: VSWR and impedance bandwidth of 2 element array configuration with non-ideal ground 
plane at 3.5 GHz and 5.0 GHz. 
 
In Figure 5.5 at 3.5 GHz VSWR is 1.192 and at 5.0 GHz VSWR is 1.161 which means the 2 
element antenna array is covering both the frequencies i.e., 3.5 GHz and 5.0 GHz. Impedance 
bandwidth for 3.5 GHz at VSWR 2.0 is 52.1 MHz while impedance bandwidth for 5.0 GHz at 
VSWR 2.0 is 107.0 MHz. 
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VSWR and impedance bandwidth of 2 element array configuration with the ideal ground 
plane, non-ideal ground plane and measured results at 3.5 GHz and 5.0 GHz are shown in 
Figure 5.6. 

 
Figure 5.6: VSWR and impedance bandwidth of 2 element array configuration with ideal ground 
plane, non-ideal ground plane and measured results. 

 
Table 5: Impedance bandwidth comparison of 2 element array configuration with ideal ground plane, 
non-ideal ground plane and measured results. 

Frequency 
(GHz) 

VSWR Ideal BW 
(MHz) 

Non-ideal BW 
(MHz) 

Measured BW 
(MHz) 

3.5 2.0 52.1 52.1 54.0 

3.0 90.0 90.0 86.0 

5.0 2.0 106.8 107.0 70.0 

3.0 176.7 177.0 209.0 

 

5.1.2. 4 Element Array with Ideal and Non-Ideal ground plane 
Using the 2 element array designed in Figure 5.1 we designed a 4 element array 

configuration covering both the frequencies i.e., 3.5 GHz and 5.0 GHz. An array of 4 
elements with the ideal ground plane is shown in Figure 5.7. 
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Figure 5.7: Array of 4 elements with ideal ground plane covering both the frequencies of 3.5 GHz and 
5.0 GHz. 
 
In Figure 5.7 the length of the patch radiator is 21.94 mm and width is 30.75 mm. Length of 
the feedline is 15 mm and width is 1.25 mm. Distance between the centre of both the 2 
element feedline is 58.75 mm. Distance between the edges of above and below radiator is 
47.5 mm. 
 
VSWR and impedance bandwidth of 4 element array configuration with ideal ground plane at 
3.5 GHz and 5.0 GHz is shown in Figure 5.8. 

 
Figure 5.8: VSWR and impedance bandwidth of 4 element array configuration with ideal ground plane 
at 3.5 GHz and 5.0 GHz. 
 
In Figure 5.8 at 3.5 GHz VSWR is 1.038 and at 5.0 GHz VSWR is 1.323 which means the 4 
element antenna array is covering both the frequencies i.e., 3.5 GHz and 5.0 GHz. Impedance 
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bandwidth for 3.5 GHz at VSWR 2.0 is 71.3 MHz while impedance bandwidth for 5.0 GHz at 
VSWR 2.0 is 100.4 MHz. 
 
A design of 4 element array configuration with non-ideal ground plane covering both the 
frequencies i.e., 3.5 GHz and 5.0 GHz is shown in Figure 5.9 while its manufactured 
prototype is shown in Figure 5.10. 
 

 
 
Figure 5.9: Array of 4 elements with non-ideal ground plane covering both the frequencies of 3.5 GHz 
and 5.0 GHz. 
 

 
 
Figure 5.10: Manufactured prototype of 4 element array with same patch size. 
 
In Figure 5.9 the length of the patch radiator is 21.94 mm and width is 30.75 mm. Length of 
the feedline is 15 mm and width is 1.25 mm. Distance between the centre of both the 2 
element feedline is 58.75 mm. Distance between the edges of above and below radiator is 
47.5 mm. Length of the ground plane is 95 mm and width is 92 mm. 
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VSWR and impedance bandwidth of 4 element array configuration with non-ideal ground 
plane at 3.5 GHz and 5.0 GHz is shown in Figure 5.11. 

 
Figure 5.11: VSWR and impedance bandwidth of 4 element array configuration with non-ideal ground 
plane at 3.5 GHz and 5.0 GHz. 

 
In Figure 5.11 at 3.5 GHz VSWR is 1.252 and at 5.0 GHz VSWR is 1.275 which means the 4 
element antenna array is covering both the frequencies i.e., 3.5 GHz and 5.0 GHz. Impedance 
bandwidth for 3.5 GHz at VSWR 2.0 is 96.4 MHz while impedance bandwidth for 5.0 GHz at 
VSWR 2.0 is 135.4 MHz. 
 
VSWR and impedance bandwidth of 4 element array configuration with the ideal ground 
plane, non-ideal ground plane and measured results at 3.5 GHz and 5.0 GHz are shown in 
Figure 5.12. 

 
Figure 5.12: VSWR and impedance bandwidth of 4 element array configuration with ideal ground 
plane, non-ideal ground plane and measured results. 
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Table 6: Impedance bandwidth comparison of 4 element array configuration with ideal ground plane, 
non-ideal ground plane and measured results. 

Frequency 
(GHz) 

VSWR Ideal BW 
(MHz) 

Non-ideal BW 
(MHz) 

Measured BW 
(MHz) 

3.5 2.0 71.3 96.4 47.0 

3.0 120.9 158.9 71.5 

5.0 2.0 100.4 135.4 166.0 

3.0 167.4 239.6 262.0 
 

5.1.3. 8 Element Array with Ideal ground plane 
Using the 4 element array designed in Figure 5.7 we designed an 8 element array 

configuration covering both the frequencies i.e., 3.5 GHz and 5.0 GHz. An array of 8 
elements with the ideal ground plane is shown in Figure 5.13. Manufactured prototype of the 
8 element array with same patch size is shown in Figure 5.14. 

 
Figure 5.13: Array of 8 elements with ideal ground plane covering both the frequencies of 3.5 GHz 
and 5.0 GHz. 
 

 
 
Figure 5.14: Manufactured prototype of 8 element array with same patch size. 
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In Figure 5.13 the length of the patch radiator is 21.8 mm and width is 30.5 mm. Length of the 
feedline is 15 mm and width is 1.25 mm. Distance between the centre of both the 2 element 
feedline is 58.75 mm. Distance between the edges of above and below radiator is 47.5 mm. 
Distance between the centre of both the 4 element array feedline is 121.25 mm. 
 
VSWR and impedance bandwidth of 8 element array configuration with ideal ground plane at 
3.5 GHz and 5.0 GHz is shown in Figure 5.15. 

 
Figure 5.15: VSWR and impedance bandwidth of 8 element array configuration with ideal ground 
plane at 3.5 GHz and 5.0 GHz. 

 
In Figure 5.15 at 3.5 GHz VSWR is 1.458 and at 5.0 GHz VSWR is 1.453 which means the 8 
element antenna array is covering both the frequencies i.e., 3.5 GHz and 5.0 GHz. Impedance 
bandwidth for 3.5 GHz at VSWR 2.0 is 64.5 MHz and at VSWR 3.0 is 112.0 MHz while 
impedance bandwidth for 5.0 GHz at VSWR 2.0 is 89.3 MHz and at VSWR 3.0 is 163.7 
MHz. 
 
VSWR and impedance bandwidth of 8 element array configuration with the ideal ground 
plane and measured results at 3.5 GHz and 5.0 GHz are shown in Figure 5.16. 
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Figure 5.16: VSWR and impedance bandwidth of 8 element array configuration with ideal ground 
plane and measured results. 

 
Figure 5.16 shows the simulation results for the 8 element array configuration with the ideal 
ground plane and measured results. The measured results are not as expected as compared to 
the simulated results. This is due to the inappropriate selection of the non-ideal ground plane.  

5.1.4. 16 Element Array with Ideal ground plane 
Using the 8 element array designed in Figure 5.13 we designed a 16 element array 

configuration covering both the frequencies i.e., 3.5 GHz and 5.0 GHz. An array of 8 
elements with the ideal ground plane is shown in Figure 5.17. 

 
Figure 5.17: Array of 16 elements with ideal ground plane covering both the frequencies of 3.5 GHz 
and 5.0 GHz. 
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In Figure 5.17 the length of the patch radiator is 21.8 mm and width is 30.5 mm. Length of the 
feedline is 15 mm and width is 1.25 mm. Distance between the centre of both the 2 element 
feedline is 58.75 mm. Distance between the edges of above and below radiator in 4 element is 
47.5 mm. Distance between the centre of both the 4 element array feedline is 121.25 mm. 
Distance between the edges of above and below radiator in 8 element is 105.15 mm. Distance 
between the centre of both the 8 element array feedline is 196.25 mm. 
 
VSWR and impedance bandwidth of 16 element array configuration with ideal ground plane 
at 3.5 GHz and 5.0 GHz is shown in Figure 5.18. 

 
Figure 5.18: VSWR and impedance bandwidth of 16 element array configuration with ideal ground 
plane at 3.5 GHz and 5.0 GHz. 
 
In Figure 5.18 at 3.5 GHz VSWR is 1.213 and at 5.0 GHz VSWR is 2.177 which means the 
16 element antenna array with the ideal ground plane is covering both the frequencies i.e., 3.5 
GHz and 5.0 GHz. Impedance bandwidth for 3.5 GHz at VSWR 2.0 is 74.4 MHz and at 
VSWR 3.0 is 126.5 MHz while impedance bandwidth for 5.0 GHz at VSWR 3.0 is 124.6 
MHz. 

5.2. Dual Band Patch Antenna Array with alternate patch size 
Using the patch antennas designed in Figure 4.3 for 3.5 GHz and Figure 4.9 for 5.0 

GHz, we designed and simulated the alternate patch size array of 2, 4, 8 and 16 elements 
while we fabricated arrays of 2, 4 and 8 elements and also measured their results. 

5.2.1. 2 Element Array with Ideal and Non-Ideal ground plane 
Using the microstrip patch antennas designed for 3.5 GHz and 5.0 GHz using an edge 

feed technique in Figure 4.3 and Figure 4.9 respectively we designed a 2 element array 
configuration for the dual band using alternate patch size covering both the frequencies i.e., 
3.5 GHz and 5.0 GHz. An array of 2 elements with the ideal ground plane is shown in Figure 
5.19. 
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Figure 5.19: Array of 2 elements with ideal ground plane covering both the frequencies of 3.5 GHz 
and 5.0 GHz. 

 
In Figure 5.19 the length of the large patch radiator is 22.2 mm and width is 28.1 mm whereas 
the length of the small patch radiator is 14.565 mm and width is 19.7 mm. Length of the 
feedline is 12 mm and width is 0.7 mm. Distance between the centers of both the feedline is 
59.3 mm. 
 
VSWR and impedance bandwidth of 2 element array configuration with ideal ground plane at 
3.5 GHz and 5.0 GHz is shown in Figure 5.20. 

 
Figure 5.20: VSWR and impedance bandwidth of 2 element array configuration with ideal ground 
plane at 3.5 GHz and 5.0 GHz. 

 
In Figure 5.20 at 3.5 GHz VSWR is 1.584 and at 5.0 GHz VSWR is 1.215 which means the 2 
element antenna array with alternate patch sizes is covering both the frequencies i.e., 3.5 GHz 
and 5.0 GHz. The large patch size is covering 3.5 GHz while the small patch size is covering 
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5.0 GHz. One peak is at 3.23 GHz while its VSWR is 3.433 which means this frequency will 
be rejected meaning the signal at this frequency will be reflected back. Impedance bandwidth 
for 3.5 GHz at VSWR 2.0 is 46.6 MHz while impedance bandwidth for 5.0 GHz at VSWR 
2.0 is 92.7 MHz. 
 
A design of 2 element array configuration with non-ideal ground plane covering both the 
frequencies i.e., 3.5 GHz and 5.0 GHz is shown in Figure 5.21 while its manufactured 
prototype is shown in Figure 5.22. 
 

 
 
Figure 5.21: Array of 2 elements with non-ideal ground plane covering both the frequencies of 3.5 
GHz and 5.0 GHz. 
 

 
 
Figure 5.22: Manufactured prototype of 2 element array with alternate patch size. 

 
In Figure 5.21 the length of the large patch radiator is 22.2 mm and width is 28.1 mm whereas 
the length of the small patch radiator is 14.565 mm and width is 19.7 mm. Length of the 
feedline is 12 mm and width is 0.7 mm. Distance between the centers of both the feedline is 
59.3 mm. Length of the ground plane is 64 mm and width is 100 mm.  
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VSWR and impedance bandwidth of 2 element array configuration with non-ideal ground 
plane at 3.5 GHz and 5.0 GHz is shown in Figure 5.23. 

 
Figure 5.23: VSWR and impedance bandwidth of 2 element array configuration with non-ideal ground 
plane at 3.5 GHz and 5.0 GHz. 

 
In Figure 5.23 at 3.5 GHz VSWR is 1.353 and at 5.0 GHz VSWR is 1.271 which means the 2 
element antenna array with alternate patch sizes is covering both the frequencies i.e., 3.5 GHz 
and 5.0 GHz. The large patch size is covering 3.5 GHz while the small patch size is covering 
5.0 GHz. Impedance bandwidth for 3.5 GHz at VSWR 2.0 is 65.1 MHz while impedance 
bandwidth for 5.0 GHz at VSWR 2.0 is 64.4 MHz. 
 
VSWR and impedance bandwidth of 2 element array configuration with the ideal ground 
plane, non-ideal ground plane and measured results at 3.5 GHz and 5.0 GHz are shown in 
Figure 5.24. 

 
Figure 5.24: VSWR and impedance bandwidth of 2 element array configuration with ideal ground 
plane, non-ideal ground plane and measured results. 
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Table 7: Impedance bandwidth comparison of 2 element array configuration with ideal ground plane, 
non-ideal ground plane and measured results. 

Frequency 
(GHz) 

VSWR Ideal BW 
(MHz) 

Non-ideal BW 
(MHz) 

Measured BW 
(MHz) 

3.5 2.0 46.6 65.1 X 

3.0 95.0 119.0 135.0 

5.0 2.0 92.7 64.4 83.0 

3.0 159.5 111.4 153.0 
 

5.2.2. 4 Element Array with Ideal and Non-Ideal ground plane 
Using the 2 element array designed in Figure 5.19 we designed a 4 element array 

configuration covering both the frequencies i.e., 3.5 GHz and 5.0 GHz. An array of 4 
elements with the ideal ground plane is shown in Figure 5.25. 

 
Figure 5.25: Array of 4 elements with ideal ground plane covering both the frequencies of 3.5 GHz 
and 5.0 GHz. 

 
In Figure 5.25 the length of the large patch radiator is 21.7 mm and width is 28.1 mm whereas 
the length of the small patch radiator is 14.84 mm and width is 19.7 mm. Length of the 
feedline is 12 mm and width is 0.7 mm. Distance between the centre of both the 2 element 
feedline is 59.3 mm. Distance between the edges of above and below radiator is 61.4 mm. 
 
VSWR and impedance bandwidth of 4 element array configuration with ideal ground plane at 
3.5 GHz and 5.0 GHz is shown in Figure 5.26. 



51 
 

 
Figure 5.26: VSWR and impedance bandwidth of 4 element array configuration with ideal ground 
plane at 3.5 GHz and 5.0 GHz. 
 
In Figure 5.26 at 3.5 GHz VSWR is 1.230 and at 5.0 GHz VSWR is 1.096 which means the 4 
element antenna array with alternate patch size is covering both the frequencies i.e., 3.5 GHz 
and 5.0 GHz. The large patch sizes are covering 3.5 GHz while the small patch sizes are 
covering 5.0 GHz. One peak is at 4.26 GHz while its VSWR is 3.437 which means this 
frequency will be rejected meaning the signal at this frequency will be reflected back. 
Impedance bandwidth for 3.5 GHz at VSWR 2.0 is 69.4 MHz while impedance bandwidth for 
5.0 GHz at VSWR 2.0 is 99.8 MHz. 
 
A design of 4 element array configuration with non-ideal ground plane covering both the 
frequencies i.e., 3.5 GHz and 5.0 GHz is shown in Figure 5.27 while its manufactured 
prototype is shown in Figure 5.28. 

 
 
Figure 5.27: Array of 4 elements with non-ideal ground plane covering both the frequencies of 3.5 
GHz and 5.0 GHz. 
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Figure 5.28: Manufactured prototype of 4 element array with alternate patch size. 
 

In Figure 5.27 the length of the large patch radiator is 21.7 mm and width is 28.1 mm whereas 
the length of the small patch radiator is 14.84 mm and width is 19.7 mm. Length of the 
feedline is 12 mm and width is 0.7 mm. Distance between the centre of both the 2 element 
feedline is 59.3 mm. Distance between the edges of above and below radiator is 61.4 mm. 
Length of the ground plane is 125 mm and width is 100 mm. 
 
VSWR and impedance bandwidth of 4 element array configuration with non-ideal ground 
plane at 3.5 GHz and 5.0 GHz is shown in Figure 5.29. 

 
Figure 5.29: VSWR and impedance bandwidth of 4 element array configuration with non-ideal ground 
plane at 3.5 GHz and 5.0 GHz. 
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In Figure 5.29 at 3.5 GHz VSWR is 1.556 and at 5.0 GHz VSWR is 1.272 which means the 4 
element antenna array is covering both the frequencies i.e., 3.5 GHz and 5.0 GHz. Impedance 
bandwidth for 3.5 GHz at VSWR 2.0 is 65.8 MHz while impedance bandwidth for 5.0 GHz at 
VSWR 2.0 is 108.5 MHz. 
 
VSWR and impedance bandwidth of 4 element array configuration with the ideal ground 
plane, non-ideal ground plane and measured results at 3.5 GHz and 5.0 GHz are shown in 
Figure 5.30. 

 
Figure 5.30: VSWR and impedance bandwidth of 4 element array configuration with ideal ground 
plane, non-ideal ground plane and measured results. 

 
Table 8: Impedance bandwidth comparison of 4 element array configuration with ideal ground plane, 
non-ideal ground plane and measured results. 

Frequency 
(GHz) 

VSWR Ideal BW 
(MHz) 

Non-ideal BW 
(MHz) 

Measured BW 
(MHz) 

3.5 2.0 69.4 65.8 75.0 

3.0 112.8 120.8 129.0 

5.0 2.0 99.8 108.5 63.0 

3.0 160.6 195.5 133.0 
 

5.2.3. 8 Element Array with Ideal ground plane 
Using the 4 element array designed in Figure 5.25 we designed an 8 element array 

configuration covering both the frequencies i.e., 3.5 GHz and 5.0 GHz. An array of 8 
elements with the ideal ground plane is shown in Figure 5.31. Manufactured prototype of the 
8 element array with alternate patch size is shown in Figure 5.32. 
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Figure 5.31: Array of 8 elements with ideal ground plane covering both the frequencies of 3.5 GHz 
and 5.0 GHz. 
 

 
 

Figure 5.32: Manufactured prototype of 8 element array with alternate patch size. 
 
In Figure 5.31 the length of the large patch radiator is 21.3 mm and width is 28.1 mm whereas 
the length of the small patch radiator is 14.7 mm and width is 19.7 mm. Length of the feedline 
is 12 mm and width is 0.7 mm. Distance between the centre of both the 2 element feedline is 
59.3 mm. Distance between the edges of above and below radiator is 61.4 mm. Distance 
between the centre of both the 4 element array feedline is 217.4 mm. 
 
VSWR and impedance bandwidth of 8 element array configuration with ideal ground plane at 
3.5 GHz and 5.0 GHz is shown in Figure 5.33. 
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Figure 5.33: VSWR and impedance bandwidth of 8 element array configuration with ideal ground 
plane at 3.5 GHz and 5.0 GHz. 

 
In Figure 5.33 at 3.5 GHz VSWR is 1.574 and at 5.0 GHz VSWR is 1.536 which means the 8 
element antenna array is covering both the frequencies i.e., 3.5 GHz and 5.0 GHz. Impedance 
bandwidth for 3.5 GHz at VSWR 2.0 is 74.4 MHz and impedance bandwidth for 5.0 GHz at 
VSWR 2.0 is 66.9 MHz. 
 
VSWR and impedance bandwidth of 8 element array configuration with the ideal ground 
plane and measured results at 3.5 GHz and 5.0 GHz are shown in Figure 5.34. 

 
Figure 5.34: VSWR and impedance bandwidth of 8 element array configuration with ideal ground 
plane and measured results. 

 
Figure 5.34 shows that measured results are not as expected as compared to the simulated 
results. This is due to the inappropriate selection of the non-ideal ground plane. Measured 
results shows that impedance bandwidth for 3.5 GHz at VSWR 2.0 is 59 MHz and at VSWR 
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3.0 is 151 MHz and impedance bandwidth for 5.0 GHz at VSWR 2.0 is 35 MHz and at 
VSWR 3.0 is 105 MHz. 

5.2.4. 16 Element Array with Ideal ground plane 
Using the 8 element array designed in Figure 5.31 we designed a 16 element array 

configuration covering both the frequencies i.e., 3.5 GHz and 5.0 GHz. An array of 8 
elements with the ideal ground plane is shown in Figure 5.35. 

 
Figure 5.35: Array of 16 elements with ideal ground plane covering both the frequencies of 3.5 GHz 
and 5.0 GHz. 

 
In Figure 5.35 the length of the large patch radiator is 21.3 mm and width is 28.1 mm whereas 
the length of the small patch radiator is 14.7 mm and width is 19.7 mm. Length of the feedline 
is 12 mm and width is 0.7 mm. Distance between the centre of both the 2 element feedline is 
59.3 mm. Distance between the edges of above and below radiator in 4 element is 61.4 mm. 
Distance between the centre of both the 4 element array feedline is 217.4 mm. Distance 
between the centre of both the 8 element array feedline is 190 mm. 
 
VSWR and impedance bandwidth of 16 element array configuration with ideal ground plane 
at 3.5 GHz and 5.0 GHz is shown in Figure 5.36. 
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Figure 5.36: VSWR and impedance bandwidth of 16 element array configuration with ideal ground 
plane at 3.5 GHz and 5.0 GHz. 
 
In Figure 5.36 at 3.5 GHz VSWR is 2.976 and at 5.0 GHz VSWR is 3.527 which means the 
results of 16 element antenna array with ideal ground plane are not appropriate. The signal 
will be reflected back at both the frequencies. This is due to the improper selection of the 
feedline between the two 8 element array configurations. 
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6. Comparison and Conclusion 
The aim of this thesis was to design dual band patch antenna array at 3.5 GHz and 5.0 

GHz. Patch antennas at 3.5 GHz and 5.0 GHz were designed separately using three different 
feeding techniques; inset feed, quarter wave transmission line feed and edge feed. Single 
patch was designed using an edge feed technique covering both the frequencies 3.5 GHz and 
5.0 GHz. Antenna arrays were designed using two schemes i.e., with same patch size and with 
alternate patch size. Antenna array with same patch size scheme were designed using a dual 
band patch antenna and antenna array with alternate patch size scheme were designed using 
patch antennas designed for 3.5 GHz and 5.0 GHz separately. 
Comparing patch antennas designed at 3.5 GHz using different feeding techniques, it can be 
said that all three feeding techniques have almost the same VSWR and the patch radiators are 
well matched to the feedline. Impedance bandwidth obtained from inset feed and quarter 
wave transmission line feed is slightly better than edge feed technique. At 5.0 GHz VSWR for 
edge feed is better as compared to quarter wave transmission line feed and inset feed. Quarter 
wave transmission line feed has slightly better impedance bandwidth as compared to edge 
feed while inset feed has the lowest impedance bandwidth among the three techniques. In all 
three feeding techniques; patch length is optimized in order to achieve the desired frequency 
of operation while the patch width remains the same. The width of the feedline depends upon 
the required characteristic impedance; if the characteristic impedance value is high, width of 
the feedline will be reduced and vice versa. 
Ground plane has an important role in designing an antenna; VSWR and impedance 
bandwidth was measured for four different ground plane sizes and found out that by 
increasing the ground plane dimensions, VSWR and impedance bandwidth enhances. 
Comparing the simulated and measured results for dual band patch antenna array with same 
patch size scheme and alternate patch size scheme, it is found out that VSWR gets improved 
when the number of elements increases from 2 to 4 in an array configuration.  
VSWR for 4 element dual band antenna array with same patch size scheme is better as 
compared to the other antenna array configuration at both 3.5 GHz and 5.0 GHz. 
Due to increase in the number of elements from 2 to 4 in an array configuration with same 
patch size scheme, impedance bandwidth enhances as observed from the simulation results of 
array with non-ideal ground plane. Measured results shows little decline in impedance 
bandwidth at 3.5 GHz as compared to expected results and there is a considerable 
enhancement in impedance bandwidth at 5.0 GHz. 
Both designs of antenna array i.e., same patch size scheme and alternate patch size scheme 
have acceptable results but antenna array with same patch size scheme shows better 
performance as compared to antenna array with alternate patch size scheme. This is due to the 
reason that in same patch size antenna array scheme both the frequencies are covered by same 
patch while in alternate patch size antenna array scheme, the patches cover 3.5 GHz and 5.0 
GHz, respectively. 
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