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ABSTRACT 
 
WiMAX (Worldwide Interoperability for Microwave Access) is  a new communication 
technology which offers lot of new services in wireless communication. It has already started 
showing its enormous potentiality to meet the future demands in wireless communication. 
Powerful, efficient and cheap antennas are very much required  now for the successful 
deployment of WiMAX in urban, rural and remote areas to cover large distances with adequate 
speed. 
 
Micro strip planar patch array antenna has  become  popular because of its ease of fabrication, 
installation  and overall satisfactory performance for different types of applications. These 
antennas   provide narrow band microwave wireless links that require semi-hemispherical 
coverage. The design of efficient planar micro strip  patch arrays are extremely important in the 
future evolution of WiMAX and for that reason microstrip patch array antenna is selected for 
this research work. 
 
The most used operating frequency 3.5 GHz is selected for the present WiMAX antenna. Patch 
arrays with different configurations are designed and simulated by Empire Xccel simulator 
(demo version). Based on the simulation results their performances are evaluated. One 2 by 2 
patch array with micro strip line and coaxial port provided the best results and it has been 
selected for the fabrication. The fabricated two patch array antennas are tested in normal room 
environment and their performance parameters are compared with simulation results.   
 
Integration of planar patch array and amorphous silicon solar cells on the same substrate 
opened up a new dimension for the autonomous wireless communication systems. A brief 
study will be made at last to attach amorphous (thin film) silicon solar cells on the upper 
surface of the  patch array. Effort will be made to utilize the available  surface  area of patches 
and adjacent gaps in such a way that the placement of solar cells on the patches does not 
hamper the normal  performance of patch array and solar cells.  Different patch array 
configurations are considered not only to simulate but also to analyze and verify which 
configurations are suitable for easy integration with solar cells. The  research study will provide 
a good foundation for further research work in this area. 
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Chapter 1 
   
Introduction - WiMAX communication technology & planar micro strip 
patch array  
__________________________________________________________ 

 
 

1.1 Introduction 
Wireless communication systems can not be imagined without antenna and it is one of the 
most vital and critical components for effective communication without wire. A well designed 
antenna can  improve the overall performance of the wireless communication along with  
relaxing system requirements. Human eyes are basically  receiving antennas, that pick up 
electromagnetic waves  of  particular frequency range [18]. So the receiving antenna serves to a 
communication system the same purpose that eyes serve to us. In addition, antennas  can also 
transmit electromagnetic waves in the air.  
 
The field of antenna is very big, dynamic and diverse and over the last sixty years antenna 
technology has been an indispensable partner of the wireless communication technology [4]. 

Different types of antennas are already fulfilling the demands of different kinds of 
communication services around the world. But presently as we are challenged by many new 
issues and the demands for more system performance is increasing day by day. For that reason 
the necessity of continuation of research on antennas is essential and very important for the 
future evolution of antenna technology. 
 
WiMAX is such a new communication technology which offers lot of new services in wireless 
communication. So the design and development of different types of WiMAX antennas is very 
much needed for the successful deployment of WiMAX which has enormous potentiality to 
meet the future demands in wireless communication. 
 
In this research work a patch array (2 by 2) is designed, simulated and fabricated to use it in 
WiMAX application, so first a brief discussion is made on WiMAX and patch antenna array to 
explain why they are chosen among various communication technologies and antenna 
structures and then after we will proceed to design, simulation, fabrication and test. At last a 
study will be made to integrate the patch array designed  with amorphous silicon solar cells 
which can upgrade the system to a new dimension where, available surface area, weight, cost 
along with performance are very important in autonomous communication system.  

 
1.2  WiMAX  communication technology 
WiMAX, meaning Worldwide Interoperability for Microwave Access is a radiocommunications 
technology that transmits data without wire using different transmission modes, from point to 
multipoint links and fully mobile internet access. The technology is based on the IEEE 802.16 
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standard, operating in the 10-66 GHz  range [1]. WiMAX is the commercial designation that the 
WiMAX Forum gives to communication devices which satisfies the IEEE 802.16 standard, to 
achieve a high level of interoperability among them [19]. 
 
WiMAX belongs to the fourth generation (4G) of wireless technology designed to enable high 
speed internet access to a large variety of devices including notebook and  laptop PCs, PDAs, 
handsets, smartphones and consumer electronic products, such as, cameras, music players, 
gaming devices and more. WiMAX delivers low cost open networks and is the first of all IP 
mobile internet solutions enabling efficient and scalable networks for data, video and voice [6]. 
 
Let us dream about a wireless conection with the kind of performance and speed we generally 
get at homes that we could also take with us all over the city or town we live in. WiMAX 
communication technology  has the full potentiality to bring that excellent vision to reality, 
ushering in a new era in mobile internet.  

 
Naturally WiMAX is the next evolution in wireless internet, which frees us from staying 
connected within a Wi-Fi hotspot and does the same just like mobile phones, which have 
eliminated the need to find a phone booth to call someone, in essence the entire city becomes 
a big hotspot and makes mobile internet use so easy and versatile. 
 
Not only in metropolitan areas it can also be used effectively in suburban and rural areas where 
it is difficult to construct cable link. For that reason WiMAX forum describles WiMAX as a 
“standards-base technology” enabling the delivery of last mile wireless broadband access as an 
alternative to cable or DSL  [6].  
 
Basically there are two types of WiMAX as follows: 
 
■ Fixed WiMAX: Based on the standard IEEE 802.16-2004, which is also called IEEE 802.16d. It is 
called fixed because here the end user’s wireless termination point if fixed in location and it  
has no support for mobility. It uses Orthogonal Frequency Division Multiplexing (OFDM) and 
support fixed and nomadic access in Line of Sight (LOS) and Non Line of Sight (NLOS) 
environments. This standard deals with fixed and nomadic applications in the 2-11GHz 
frequency range  [5]. 
 
■ Mobile WiMAX: Based on the standard IEEE 802.16e-2005 which is an amnendment to IEEE 
802.16-2004 and also often called shortly as IEEE 802.16e. It is called mobile because here the 
end users location is not fixed in location but changing with time. The introduction of support 
for mobility  makes this technology more versatile [1]. It uses SOFDM (Scalable Orthogonal 
Frequency Division Multiplexing) and  has network architecture and capable to provide high 
bandwidth, handover and cell reselection. And also can provide multiple antenna support 
through MIMO (multiple in multiple out). These qualities has given it the strength to compete 
with all standard of mobile technology. 
 
The bandwidth and  range of WiMAX make it suitable for the following  applications: 
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■ data and telecommunication services. 
■ portable connectivity. 
■ connecting Wi Fi hotspots to the internet. 
■ an alternative wireless communication to cable and DSL for the ‘last mile’ broad band access. 
■ delivering a source of internet connection as a part of business  plan, that is, if  businesses are 
having both fixed and wireless internet connection especially from different  ISPs then they are 
not likely to be affected by the same service outrage [1]. 
 
One very important advantage of using WiMAX is its spectral efficiency [7]. The fixed WiMAX 
has a spectral efficiency of 3.7 bits/s/Hz and other 3.5G-4G wireless systems offer spectral 
efficiencies that are similar to within a few tenth of a percent. It is capable to replace the 
mobile technologies like GSM and CDMA and also considered as the wireless backhaul 
technology for 2G, 3G and 4G networks both in developed and poor nations. 
 
Compared with other wireless technologies WiMAX is getting the upperhand in wireless wide 
band communication and due to its suitability for use in rich and poor countries it is becoming 
popular around the world day by day and that is why the design of  WiMAX antenna is taken in 
this project which, we think,  will be the industrial work horse along with WiMAX 
communication equipments in the future.  
 
Micro strip patch antennas have enormous potentiality (in its effectiveness) for their use in 
wireless communications due to several advantages, such as, low profile, conformability, low 
cost fabrication and ease of integration with the feed networks. The effective communication 
between wireless networks do not rely only on the efficient wireless equipments, such as, 
signal conditioning devices, transmitters and receivers etc. but also on the efficient antennas. 
Without wires information moves throught the air in the form of electromagnetic waves. So the 
better we transform the  information into electromagnetic waves and recover it without too 
much loss (of information) with adequet speed, the better is the wireless communication. And 
antennas are  the focal point of this transformation of different types of information  into 
electromagnetic waves (EMW) for transmitting system and vice versa for receiving sytem. In 
this regard the matching of the transmitting and receiving devices with their respective 
antennas is also very important for wireless communication. We can hook up good transmitter  
and receiver with good antenna by transmission lines but that does guarantee good 
transmission or reception if they are not matched properly. Mismatch in this case degrades 
system performance a lot and there is no alternative to this matching of antennas with wireless 
equipments. Considering this patch antenna and patch array hold a very unique position in 
terms of design and manufacturing, which can be fabricated on  the same PCB of wireless 
circuits, reducing the transmission line length between wireless devices and antenna 
significantly which are  very important when we are dealing with GHz frequencies.  
 
Micro strip planar patch antenna has  become  popular because of its ease of fabrication, 
installation  and overall satisfactory performance for different types of applications. These 
antennas   provide narrow band microwave wireless links that require semi-hemispherical 
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coverage. It is surprising that this antenna can radiate efficiently despite its low profile and for 
that reason they are extensively used in different applications.  
 
It is evident that WiMAX is a booming technology in wireless communication and it needs 
powerful and efficient antennas with low cost for wireless  systems to cover large distances 
with good speed. From the above discussion it has become clear that the design of efficient 
micro strip patch antennas and patch arrays are extremely important in the future evolution of 
WiMAX and for that reason microstrip patch antenna is selected for this research work. A single 
micro strip patch antenna is not able to cover such  large distances with adequet power, in that 
case, multiple patches with accurate configurations, which are also known as patch arrays, are 
required to use them in WiMAX communication, specially in fixed base stations for transmitting 
the signal over large distances. 
 
Like cell phones mobile WiMAX will take advantage of sectorized antennas on towers. This type 
of antennas can be made by patch arrays of 4 by 1, 6 by 1, 8 by 1 or 4 by 2, 6 by 2, 8 by 2 etc. 
configurations. Normally one sector antenna covers 120 degrees so three sector antennas can 
cover 360 degrees. Depending on terrain and other factors one single tower of this type   can 
deliver coverage of 1.5 to 2 km in radius [23] so multiple arrangement of towers at the right 
distances will deliver a coverage of many more km. Based on this,  different configurations of 
patch arrays are selected in the present design work so that they can be optimized for WiMAX 
application based on the simulation results. 
 

1.3  Planar micro strip  patch antenna array 
When we combine more than one microstrip patch in different ways then the arrangement 
becomes an array. Because of its planar configuration and ease of integration with microstrip 
technology, the microstrip patch antenna has been extensively studied and is often used as 
elements for an array. When a particular patch element, such as,  square, rectangular, circular 
etc. and mode are  selected then they become very versatile in terms of resonant frequency, 
radiation pattern, impedance and  polarization, [4].    
                                                              
Like a single patch, patch array are also  used to achieve a required pattern and to obtain  
increased directivity  that can not be possible to get  with a single element. Patch antenna  
array provides much higher gain than a single patch and certainly able to cover a large 
distance/area in wireless communication. For that reason it is suitable for WiMAX technology. 
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Figure 1.1   2 by 2 rectangular microstrip patch array antenna. 
 
To design and construct a patch array, first we have to design a single patch accurately 
according to requirement and then copy it multiple times (2 by 2, 3 by 3, 4 by 4 or 4 by 1, 6 by 
1, 8 by 1 etc.) in a predetermined configuration to get the expected result for WiMAX  
application, for that reason first we are going to discuss shortly about a single patch and then  
turn our full attention to microstrip patch array. Figure 1.1 shows a 2 by 2 patch array where 
the input is fed by a single SMA coxial connector and micro strip lines. This arrangement is 
suitable for fabrication. 
 

Micro strip patch antenna 
Among the several types of microstrip antennas, also known as printed antennas, the most 
common is microstrip patch antenna. It is constructed by placing a patch, a conducting element 
normally  the copper layer of commercially available Printed Circuit Boards (PCBs) of length L  
and  width W (as shown in Figure 1.2) over a larger conducting plane, separated by a distance h. 
This  plane of copper layer of PCB with larger dimensions is known as ground.  So in essence 
patch antenna is formed basically by a radiating element placed over a ground plane at a 
predetermined distance and a port to excite the antenna with the input signal we want to 
transmit in  the air or receive any signal.     
                            

 
Figure 1.2   Patch with micro strip line port (top view). 



10 

 

 
The patch shape can be different, such as, square, rectangular or circular etc. The selection of 
the patch  shape  depends on the application for which it is going to be used. The size of the 
patch depends on the resonant frequency, substrate height h (the distance between the patch 
and ground plane as shown in Figure 1.3) etc. Ideally the ground plane should be infinite, but 
since it is not practically obtainable so a finite size is considered in design and fabrication based 
on design approximations. 
 
In both the Figure 1.2 and 1.3 the micro strip patch is fed by MSL (microstrip line) which is 
applied in the present design along with coaxial port.  Depending on the feed mechanism and 
type of port (described later) the position of the feed point with respect to the patch varies. 

 

 
 

 

Figure 1.3   Patch with micro strip line  port (side view). 
 

 
1.4 Basic characteristics and parameters of antenna important for the design of  
patch array  for WiMAX application 
 
Efficiency 
The efficiency of an antenna is the ratio of power radiated or dissipated within the antenna to 
the power delivered (input) to the antenna. So according to this relation a highly efficient 
antenna radiates most of the power, it receives at its input terminal. Similarly a low efficient 
antenna can not radiate the input power effectively due to losses of power within the antenna 
structure and transmission line (connecting the transmitter or receiver with the antenna). If 
correctly designed and fed properly with the input signal then most microstrip elements are 
between 80 and 99 percent efficient [2]. And the use of multiple patches in the right 
configuration maintains higher efficiency  while increasing the transmitting signal strength.                                   
 

Gain   
The term gain means how much power is transmitted in the direction of maximum radiation to 
that of an isotropic (transmitting in all directions) source [4]. Gain is naturally indicated in a  
antenna’s specification sheet because it considers the actual losses that occur [3].  Gain  
measures the directionality of a given antenna. An antenna with a low gain emits radiation with  
the same power in all directions, whereas a high-gain antenna  radiates maximum power  in a 
particular direction  [8]. A single micro strip square patch is capable of providing  power up to 7-
9 dB [14].  Generally a  single patch antenna does not have the  capability to deliver enough 
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high gain to transmit the signal to large distances, a requirement of WiMAX, for that reason a 
patch array is selected whose gain can be increased to a higher value just because of using 
multiple patches. The more patches we use in the right configuration, the higher is the gain, 
making the transmitting system more powerful and suitable for use in WiMAX application. 

 
Radiation pattern 
It is the graphical representation of the radiation properties of the antenna as a function of 
space coordinates. It also depicts the variation of the  radiated power as a function of  the 
direction away from the antenna. Generally this variation of power as a function of the arrival 
angle is observed in the far field. In each micro strip patch element of the array, the source of 
radiation is the electric field across the tiny space between the edge of the patch element and 
the ground plane directly below it as shown in Figure 1.3. Because the height of this gap which 
is actually the height of the substrate h, is many times smaller than λ/4 (where λ is the 
wavelength of the operating signal), the single slot in one side is not capable to produce any 
directional property. The opposite slots are exited out of phase but their radiation adds in 
phase normal to the element. So we get the maximum radiation in the direction normal to the 
plane of the patch,  which makes it a broad side array [2 ]. In our present design we excited 
each element with the signal of same phase to ensure broadside radiation. The ground plane 
cuts of  all the radiation behind the patch and reduced the power averaged over all directions 
by a factor of 2 [14]. 

                                                                                                      
 
  
 

       
(a)                                                 (b) 

  
 
 

Figure 1.4   Radiation pattern of a 4 by 1 patch array: (a) 3D view, (b) top view. 
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                                      (a)                              (b)  
 

 
Figure 1.5   Radiation pattern of a 4 by 1 patch array: (a) zx plane, (b) zy plane. 

 
 

 
Array Factor 
It is very significant to get the required  overall radiation pattern of the array antenna and 
depends on the physical geometric configuration of the array and the  phase of the input signal. 
The total Electric farfield (E) of an array is given by, 
E (total) = E (single element at reference point) × (array factor). [4] 
This is known as the pattern multiplication for arrays of same elements. Since identical multiple 
patches are used in the present design so the above relationship is also applicable for our patch 
array. Each array has its own array factor so it is  like a unique signature of an array, 
representing its characteristics. It is also a function of the total number of patch elements used 
in the array and their relative spacing. Because of using identical spacings among patch 
elements and same input excitation phase the array factor of our array will have simple form. It 
is our desire to obtain maximum radiation of the patch array directed normal to the plane of 
the array.  
 
For broadside array, the first maximum of the array factor occurs when progressive phase shift 
[4]   
                                                              ψ = kd cosθ + β = β = 0                           (1.1) 
 

where β is the phase difference of input signals and the direction of the first maxima is towards 
θ = 90° 
   
This clearly states that to have the maximum of the array factor of a uniform linear array 
directed broadside to the array axis, it is essential that all the elements have the same phase 
excitation and this principle is  employed to our uniform planar patch array design. 
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Directivity  
It is a measure of how 'directional' an antenna's radiation pattern is. An antenna that radiates 
power equally in all directions has  zero directionality, and the directivity of this type of antenna 
is 1 (or 0 dB) [21]. The directivity of an antenna defined as “the ratio of the radiation intensity 
in a given direction from the antenna to the radiation intensity averaged over all directions”. 
The average radiation intensity is equal to the total power radiated by the antenna divided by 
4pi (4). Though It can have very small value  but theoretically it can not be less than zero. The 
relationship between gain (G) and directivity (D) is given by G = Efficiency × D. The directionality 
of the patch array depends on the electrical feed relationships and the spatial relationships  
between individual patch [8]. Microstrip patch is a directional antenna which radiates most in a 
direction orthogonal to the plane of patch and ground. Patch array is normally specified in such 
a way which gives a specific directional pattern according to requirement. Different 
configurations of patch array produce different directional patterns  so the designer has a 
choice in this case. Normally the radiation of patch and patch arrays cover the upper  
hemisphere (half circle) above the patch surface. 
 
 

 
 

 
Figure 1.6   Radiation pattern of directional antenna [4]. 

 

 
Beamwidth and lobes 
The beamwidth of antenna is defined as the angular separation between two identical points 
on the opposite side of the pattern maximum as shown in  Figure 1.6. Basically there are two 
types of Beamwidth associated with a particular radiation pattern: 
 
■ Half Power Beamwidth (HPBW): The angle between two directions in which the radiation 
intensity is one half  value of the beam in a plane in the direction of maximum radiation. 
■ First Null BeamWidth (FNBW): The angular separation between the first nulls of the radiation 
pattern.  
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So FNBW is always greater then the HPBW. It is a very important figure of merit of antenna. As 
beamwidth increases, the side lobe decreases so often used as a trade off between it and side 
lobe level. Generally compromise is made to keep the beamwidth in an adequate level 
compared with the minor lobes to minimize radiation in the undesired direction to an 
acceptable level. 
 
In WiMAX sector antennas, where three sector antennas are used in triangular manner, each 
antenna covers 120 degrees, so in total three covers 360 degrees. In this  the FNBW can be 
considered as 120 degree. 4 by 1, 6 by 1, 8 by 1 etc. patch array can be used effectively to 
construct efficient sector antenna. In the case of 2 by 2 , 4 by 2, 8 by 2  patch arrays, the FNBW 
can be considered as 180 degrees to cover the area of upper half circle.  

 
Quality factor 
It is a figure of merit  along with efficiency and bandwidth which represents antenna losses. 
Different types of antenna losses, such as, radiation, conduction (ohmic), dielectric and surface 
wave have influence on it. The total quality factor is the sum of all quality factors due to various 
losses stated above. Fractional bandwidth is inversely proportional to the quality factor [4 ]. So 
larger bandwidth can carry more data but high Q (quality factor) gives better directionality. In 
the present design larger bandwidth is not a mandatory requirement so to get a good 
directional pattern high Q is considered. 

 
Voltage Standing Wave Ratio (VSWR) 
It is defined by the ratio of the maximum amplitude  of a standing wave to the minimum 
amplitude of the same standing wave in the transmission line. When source generator applies 
signal to antenna, some of the input signal reflects back from the antenna. These incident and 
reflected waves create a standing wave pattern as shown in Figure 1.7. 
 

 
 
Figure 1.7   Transmission  line  Thevenin equivalent circuit of antenna in transmitting mode [4]. 
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It determines how well an antenna is matched with the transmission line and very important 
for effective wireless communication. The relationship between VSWR and reflection 
coefficient Γ [17] is as follows, 

                                                          

                                                             VSWR = (1+| Γ |) /(1- | Γ |)                                                 (1.2)                  

                                                         

It is always a positive real number  for passive loads. According to the above relation the 
smaller the value of VSWR, the better the antenna is matched with the transmission line and 
more power is delivered to the antenna with little reflection from the boundary of transmission 
line or port  and antenna   which have different impedances. Generally a VSWR of 1.5 to 2 is 
acceptable in practical antenna design which is considered in our design. VSWR is also very 
important in bandwidth specification. It can be measured practically by measuring voltage 
along the transmission line between the antenna and transmitter or receiver. 

Input impedance 
It is the impedance of an antenna at its input terminals. It can also be defined as the ratio of the 
voltage to current at the input terminals or the ratio of the appropriate components of the 
electric to magnetic fields at the input terminals. It has both the real and imaginary parts and 
can be defined as [4] 

                                                    Z = R + jX = ( Rr + RL ) + jX                                                              (1.3) 

            
where    Rr = radiation resistance of the antenna which contributes to radiation            
               RL = loss resistance because it contributes to losses 
                X = Reactance of antenna 
 
both real and imaginary parts of input impedance vary as a function of the frequency of the 
input signal.  Because of the  dynamic nature of input impedance  an antenna is capable of 
transmitting and receiving a particular frequency or range of frequencies, though lot of 
frequencies exist in air due to various types of communication services, such as, TV channels, 
mobile, Wi - Fi and WiMAX etc.     
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Figure 1.8  Graphical view of antenna resistance and reactance vs frequency. 
 
 

The Figure 1.8 shows the variation of both resistive and  reactive parts of the input impedance. 
According to the figure at resonant frequency (operating frequency) the resistance of the 
antenna increases abruptly  to a much higher positive value. The reactance decreases abruptly 
to negative value from its positive value at this region though it has some positive value at 
resonance. Because of this sudden increase of resistance  to a much higher value, antenna can 
peak up that particular signal among many signals, whose frequency is equal to the resonant 
frequency. It is known that voltage at antenna terminal is proportional to the product of 
impedance and current. Here though the associated current is very small but very high value of 
resistance contributes mainly to develop a voltage across antenna terminals at that resonant 
frequency. In our design the length L of the patch mainly determines at which frequency the 
resistance of the  patch suddenly increases to a very high value. But the width W determines 
the input impedance of the patch. 
 

Scattering parameters  
The S-parameters show the electrical behaviour of linear electrical devices  when different  
small signals are applied in the input. It is  important in antenna design because many  electrical 
properties of antennas can be expressed using S-parameters, such as, gain, return loss, VSWR, 
reflection coefficient etc. [9]. If a and b are the incident and reflected power waves respectively 
then their relationship with the S parameters is given by  b = Sa. Considering a single  port in an 
antenna S11 is the most quoted parameter which shows how much power is reflected from the 
antenna (port or interface of MSLs of different impedances). In our design, the smaller the 
reflection from the interfaces of MSLs and patches, the better is the signal delivery from input 
to multiple patches. So if S11=0 dB that means all the power is reflected back from the interface 
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and no power is radiated by the antenna. Based on this fact the antenna should have the 
smallest S11 at resonant frequency. It is also one of the most important parameters to study the 
behaviour and performance of antenna which clearly shows the resonant frequency (the 
frequency of operation of the antenna) and bandwidth for a particular design configuration of  
patch array and for that reason it has become  our focus of interest in design and simulation. 
According to Figure 1.9, the values  of resonant frequency and bandwidth are  3.45 GHz and 
250 MHz (at -10dB) respectively. 
 

 
 

Figure 1.9  S11 parameter. 

 
Bandwidth 
It commonly describes the range of frequencies, usually centered on the resonant frequency, 
over which the antenna can properly operate, that is, radiate or receive the electromagnetic 
waves. The bandwidth of microstrip patch  and patch array are proportional to its substrate 
height and patch volume. Generally the substrate height is quite low compared with the 
operating wavelength, so consequently these antennas have narrow bandwidth. We want our 
patch array will work at 3.5 GHz which is the most popular operating frequency in WiMAX 
communication throughout the world, but another frequency 3.65 is gaining momentum in 
some countries, and it is also our aim to operate the patch array in 3.65 GHz so very large 
bandwidth is not required in the present design. Considering all of these a moderate substrate 
height h (=4mm) is considered with the air as the dielectric to achieve a reasonably better 
bandwidth to make the patch array more versatile.  
 

Polarization 
The polarization of an antenna is the polarization of the electromagnetic fields radiated by the 
antenna, naturally evaluated in the farfield. It is the orientation of the electric field with respect 
to earths surface and dependent on antennas physical structure and orientation. In linear 
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polarization the amplitude of the electric field varies along a straight line as shown in Figure 
1.10. 
 

 
 

 
Figure 1. 10  Linear (horizontal) polarization of antenna [48]. 

 
The polarizations of the transmitting  and receiving antenna must be matched properly in order 
to obtain proper communication between them. According to the reciprocity theorem we know 
antenna transmits and receives in the same manner, so a vertically polarized antenna can not 
communicate properly with horizontally polarized antenna. In this project linearly polarized 
patch and patch array is considered because it makes the design and fabrication easier without 
sacrificing the performance. 

 
Mutual Coupling 
In patch arrays multiple patches work side by side so some interactions naturally occur among 
them. The coupling between two patch elements, actually  is a coupling between two apertures 
or two wire antennas,  which is a function of the position of one patch relative to the other [4]. 

This is also applicable for multiple patches. In a good design  the placement of the patches and 
separation among them and input feed lines are such that their interference added 
constructively which eventually contribute to effective radiation according to requirement. In a 
bad design interferences acts destructively and as a result there is poor radiation. 
 
Considering all of these three types of coupling can be considered in a microstrip patch array 
[4]:  

■ coupling between micro strip patches 
■ coupling between patches and  micro strip lines (used for feeding the input to each patch) 
■ coupling between microstrip lines 
 
The coupling between micro strip elements has an effect on the pattern shape of the patch 
elements, radiated power, phase and input VSWR. The coupling between micro strip feed lines 
and patches affects the radiation patterns, phase, amplitude, impedance. And the coupling 
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between micro strip  lines has an overall effect on  the signal transmission line match. In the 
present design the separation between adjacent patches are taken less than half the operating 
wavelength in order to keep destructive coupling and side lobes to minimum level. 
 

Feeding methods 
The way in which the input signal is applied to the antenna is  known as feeding method which  
is very important for satisfactory performance of the antenna. Because if the feed mechanism 
and antenna do not match then maximum energy is wasted at the interface between them. So 
special care must be taken in design to match them as accurate as possible. There are various 
types of configurations that can be used to feed micro strip patch elements and patch arrays by 
the input singal(s). In terms of electrical connectivity there are two type of feeding, 
■ Micro Strip Line (MSL). 
■ Coaxial probe. 
 
■ Micro Strip Line feed : There is a direct electrical connection between the  patch and the 
microstrip transmission line (MSL) in this method .The MSL is  easy to fabricate, simple to match 
with the input impedance of patch element by controlling the inset position as shown in  Figure 
1.11.  
 

 
Figure 1.11   Micro Strip Line (MSL) inset feed. 

 
The impedance of  MSL and patch element can also be matched properly by using a quarter 
wave transformer (QWT), shown in the Figure 1.12, which is a very popular method among 
designers. This technique is adopted in the present design. 
 

 
Figure 1.12   MSL feed with quarter wave transformer. 
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■ Coaxial prob feed: Coaxial line feeds, the inner conductor of the coaxial connector is attached 
with the patch element while the outer conductor is connected to the ground plane, as shown 
in the Figure 1.13, is also widely used. The coaxial connector feed is also easy to fabricate and 
match with the impedance of the patch and it has low spurious radiation. It has low bandwidth 
and difficult to model for  substrates with higher thickness. This method is  used along with the 
MSLs  to provide inputs to all the patches of our patch array .  
 

 

 
 

 
                                                               Figure 1.13   Coaxial prob feed. 

 
 
In accordance with electromagnetic coupling  there are two types of feeding: 
■ Aperture coupling 
■ Proximity coupling 
 
In the above two feeding technique there is no direct electrical connection between the 
antenna and port and electromagnetic energy is transferred from the port to the antenna by 
means of electromagnetic coupling. Both the methods have some advantages and 
disadvantages and they are  discarded in our present design because of fabricational complexity 
and manufacturing cost involved. 
 

Impedance matching 
The matching of the input impedance  of antenna with the transmission lines and  ports we use 
for feeding the input signal is very important. If there is impedance mismatch then input signal 
reflected back from the antenna port and this degrades antenna performance. So impedance 
matching between the patch and feed network is very important for the faithful operation of 
the antenna. In this design work careful considerations are made for the proper matching of the 
feed mechanism and antenna port. Quarter wave transformer is normally added to the 
microstrip transmission lines as shown in Figure 1.12 in order to get better impedance matching 
which is applied in the present design of the patch array. 
 

Dimensions of patch and patch array 
Dimensions of patch, such as,  length, width and height (of substrate) have significant effects on 
its performance. These parameters control the resonant frequency (frequency of operation of 
the antenna), input impedance, bandwidth etc. of the microstrip antenna and will be depicted 
in detail in the next chapter. 
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Substrate material, patch element spacing, microstrip lines 
The dielectric constant or  permittivity of the substrate material used in the gap between patch 
and ground, has very strong effect on bandwidth, losses etc. It also determines the dimensions 
of patch and patch array. The higher is the permittivity the smaller are the patch length and 
width. Substrate height is also decreased for a particular frequency. So this material is very 
important for miniature circuits where very little space is available for the patch array antenna. 
The spacing between adjacent patches and between patch and microstrip line (MSLs) is very 
important for a particular radiation pattern, minimizing losses etc.  In the present design the 
patch element spacing and the width of the MSLs are selected  in such a way that they will keep 
the interactions between patches and MSLs  to an acceptable level  to get the desired 
performance of the array. These will also explained  to some what detail in the next chapter. 
 

1.5 Simulation 
Design and simulation will be done by a powerful 3D simulator Empire Xccel, which utilizes 
FDTD (Finite Difference Time Domain) method [15]  to calculate the basic performance 
parameters of the patch and patch array, such as, port voltage, S11 parameters, impedance and 
E farfield etc. These characteristic graphs clearly indicate the performance of the designed 
patch antenna and  patch antenna arrays which will be elaborately explained in Chapter 3. 
 
FDTD is a popular computational electrodynamics modeling technique. It is very user friendly 
[16],  which  is also capable to provide animation and far field animation of the simulated patch 
and patch array  structures to give us a clear picture of the radiation pattern. Based on the 
simulation results of different patch array structures, the final design for fabrication will be 
selected for practical test with network analyzer. 
 

1.6 Integration of patch array with amorphous (thin film) silicon solar cells 
The integration of patch array with silicon solar cells are also known as solar antenna. They are 
extensively used in satellites where surface area is limited and overall weight is critical 
regarding set up cost. Generally, satellites with less weight needs less fuel for lunching, so solar 
antenna contributes to overall reduction of manufacturing and lunching cost of satellites.   
 
Not only in space, when size, weight, cost are sensitive issues, such as, remote isolated places in 
the poor countries then solar antenna can be a very good choice. It also facilitates the  
installation and makes the communication system autonomous where it is very difficult take 
the national grid line. 
 
A brief study will be made to attach amorphous (thin film) silicon solar cells on the upper 
surface of the designed and fabricated patch array. Effort will be made to utilize the working 
surface of patches in such as way that the placement of solar cells on the patches does not 
hamper the normal  performance of patch array. And at the same time solar cells will generate 
electricity which will be collected by  grid lines connected to each cell. Effort will be made to 
put some practical suggestions for effective integration of patch array with solar cells. 
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Chapter 2 
 
 

Designs of patch arrays with different configurations 
____________________________________________________________________________________ 

 
 
2.1 Design of patch array 
The design steps and determination of different parameters of a single patch and patch array 
will be presented in this chapter. In this design there are some specified parameters, that is, we 
selected these values depending on the application type and ease of fabrication.  Based on 
these specified parameters, such as, resonant frequency fc=fo, substrate height h and substrate 
material as air, the unknown parameters, like patch width and length are calculated by 
mathematical relations among them. 
 
We know patch array consists of multiple patches so first we have to design a single patch 
according to our design requirement and then we copy this patch multiple times in different 
configurations  based on  predetermened port, patch element number, spacing and micro strip 
lines in order to use them in  WiMAX communication technology. 

 
2.2 Method of analysis 
Among the various methods of analyzing the microstrip antennas, required for the design, the 
most popular  three methods [4] are as follows: 
 
1.Transmission line:  The transmission line model is the easiest of all methods, it gives a good 
physical insight though it is less accurate and somewhat difficult to model coupling. We have 
adopted this method because of its simplicity and ability to calculate the width and length of 
the patch with reasonable accuracy. This is not  a problem for practical design, since we are 
going to simulate the performance of different patch arrays by the powerful 3D simulator 
Empire XCcel in advance before fabrication and modify the designs according to requirement to 
achieve the desired objective. 
 
2. Cavity: This model is more accurate than transmission line model and also capable to give a 
good physical insight though it is more complex. From cavity model it can be explained why 
only the two sides of the patch have effective radiation among the four sides [4]. 
 
3. Full wave: The full wave model are very accurate, very versatile and can treat single 
elements, finite and infinite arrays, stacked elements, arbitrary shaped elements and coupling. 
It is the most complex and able to give less physical insight. 
 
The above two models are discarded for their complexity and they not a mandatory 
requirement for our design which is simple and straight forward. 
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2.3 Transmission line model for calculating the  physical parametes of patch: 
We consider a rectangular patch as the basic element of the patch array which is the most 
widely used shape and it is very much easy to analyze with the transmission line model. 
Basically the transmission line model represents the microstrip patch by two slots, separated by 
a low impedance  transmission line of length L [4]. 
Though this method produces less accurate  results and not so versatile yet it is possible to 
calculate the dimension of the patch to a reasonable accuracy by taking account the fringing 
effect, described later in this chapter. 
 
2.3.1 Specified parameters of patch 
The important three specified parameters are as follows: 
 
1.Resonant frequency (fc) 
The range of frequencies involved in WiMAX is between 2-11 GHz. We want our antenna to 
work best at 3.5 GHz, since it is the  frequency which is in widespread  use around the world.  
So the selected resonant frequency is 3.5 GHz. In other words it is the operating frequency of 
the antanna and is the focus of our interest. fc depends on the length L  and width W of the 
patch and is inversely proportional to both of them. So the higher the fc the lower the value of L 
and W of patch and vice versa. Considering patch array fc also depends on patch element 
spacings and substrate height. Besides 3.5 GHz, another frequency 3.65 GHz  will also be 
considered because it is good for low cost application [27] and it is possible to operate the 
patch array in both the frequencies with a reasonably high bandwidth.  
 
2. Dielectric constant of the substrate (εr) 

Materials of different permittivities or dielectric constants εr  withing the range 2.2 ≤ εr  ≤  12 

can be used as the substrate of the patch array. Thick substrates whose permittivity is in the 
lower range of the above value provides better efficiency, larger bandwidth but radiated fields 
are  loosely bound and patch element size increases. In present work air is selected as the 
dielectric which has a dielectric constant equal to 1 and it satisfies the above range, moreover it 
is in the lower range of permittivity which is better for good efficiency and bandwidth. The use  
of air substrate also increases the bandwidth of the antenna which is needed if we want to use 
the antenna at slightly different frequency around 3.5 GHz, such as, 3.65 GHz which is gaining 
momentum in its use, so a reasonably higher bandwidth will make the antenna more versatile. 
Moreover because of using air   spurious surface waves in the substrate, which is a wastage of  
radiation, will be reduced  and consequently it will reduce the dielectric loss and finally  
contributes to increase the patch  array effieiency.  
 
3. Substrate height (h) 
It is the distance, separates the thin metallic patch and ground plan. Normally h lies between 
the range 0.003 λ  ≤ h ≤ 0.05 λ, where λ  is the free space wavelength. Substrate height h is 
considered 4mm which satisfies the above range. This is a moderate value and expected to 
provide good performance of the array antenna. Besides it facilitates better attachment 
(screwing and soldering)  of coaxial port to the micro strip line (which carry the input signal to 
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each patch of the array) and the ground plan, which is very important for the robustness of the 
antenna since we are using air as the dielectric and most of the time failure of patch antenna 
occurs at this point of attachment. Though high h gives better bandwidths, at the same time it 
contributes to more dielectric loss because of surface waves. Surface waves are waves travel 
through the substrate material which does not take part in effective radiation and hence are  
undesired. Since size is not the primary concern in our design so selection of air is a good choice 
for the patch arrays we are going to design. 
So finally the three specified parameters are, fc = 3.5 GHz, εr = 1, h = 4mm   
                                                                                                                                            
Based on these selected parameters, the width and length of the single rectangular patch can  
be calculated now. But before calculation some discussion is needed on patch width and 
specially length which increases electrically during operation because of fringing effect which 
changes the resonant frequency from the expected value and some remedy must be taken in 
order to calculate the physical length of the patch to get the desired resonant frequency. 
 
2.3.2 Patch dimensions 
 
Width of patch (W) 
Width of the patch element can be found by the following mathemaical relation [4]:                 
 

                                                               W = c/(2fo (εr +1)/2)                                                        (2.1) 

 
Where 
 
c =  velocity of light 
fo = fc = resonant frequency 
εr  = permittivity of the substrate material 
 
Since c (velocity of light) is a constant,  W is inversely proportional to the resonant frequency 

and dielectric constant, meaning the higher the value of fc, εr,  the smaller is the patch width. 

WiMX works at GHz frequencies so in this case  the size of the patch will not be considerably 
very  large. The input impedance of patch depends on patch width consequently by varying W 
patch input impedance can be adjusted, which might be very important in some cases to match 
the micro strip line and coax port etc. with the patch input impedance. 
 
Length of patch (L) 
Effective length of patch calculated by [4]:                      
 

                                                               Leff= c/(2fo εreff)                                                                (2.2) 

 
where 

 
εreff= effective dielectric constant 
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Based on the above relationship resonant frequency is also inversely proportional to the patch L 
and effective dielectric constant. The higher the value fc, the lower is the value of these two 
parameters. So again for microwave access  in WiMAX the  associated patch length will not be 
reasonably large. 
 
This calculated effective length of the patch is not the true length when the patch is radiating, 
because during operation, the  electrical length L of the patch looks longer because of fringing 
as shown in the following figure.  
 
 

 
 

Figure 2.1   Increase of patch length due to fringing effect [4], [50]. 

 

 
 
So the length which increased due to fringing must be deducted in order to operate the patch 
and patch array at the correct resonant frequency. The effect of using εreff ( relative dielectric 
constant)  here to determine the length will also be clear by the discussion on fringing as 
follows. 
 
The amount of fringing  is a function of the dimensions of the patch and the height of the 
substrate. For the principle E plane (xy plane) fringing depends on the ratio of the length of the 
patch to the height of the substrate (L/h) and also on the dielectric constant  εr of the substrate. 
In the design of microstrip patches normally the ratio L/h is many times greater than 1 which 
reduced the fringing to a significant level.  
 
To calculate the physical (practical) length of the patch the following equation is used [4]:                       
 
                                                                   L = Leff - 2∆L                                                                        (2.3) 
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where ∆L is the increased electrical length due to fringing. This relationship clearly shows if we 
deducted twice (because electrical length increases in both direction along the two radiating 
slots) the frings factor from the effective length then we get the practical length of the patch 
which will give us the correct resonant frequency, that is, the  frequency of operation of the 
antenna. 
 
Though most of the electric field lines stay inside the substrste (other than air) some lines also 
travel through the air to reach the ground (shown in Figure 2.1). Because of this the effective 
dielectric constant εreff  is introduced to account for fringing and the wave propogation in the 
line [4]. When substrate material other than air is used, then electrical field lines travel through 
both air and that material, making the entire medium inhomogeneous. In that case εreff is 
introduced to consider the medium like homogenerous.    

 
εreff  can be found by the following mathematical relationship [4]: 
 

                                  εreff   =   (εr +1)/2 + (εr -1)/2 [1/ (1+12h/w)]                                           (2.4) 

 
 
where  εreff  is the effective dielectric constant, εr is the dielectric constant of substrate, h is the 
height of dielectric substrate and W is the width of the patch  
    
After getting the value of εreff,  it will be put to the following formula to get the value of frings 
factor (the increased electrical length due to fringing), where the W and h are already known 
[4]: 
 

                        ∆L = 0.412h [(εreff+0.3)(w/h +0.264)/( εreff – 0.258)(w/h + 0.8 )]                   (2.5) 

 
Knowing the value of ∆L, now practical length for design and simulation can be easily found by 
the formual L = Leff - ∆L. 
The above method of calculation is applied just to nullify the effect of fringing field to the 
length of the patch. Because if this fringing effect is not taken in account then the electrical 
length of the patch becomes larger during operation which is going to reduce the resonant 
frequecny from the expected value.  
   
2.3.3 Determination of patch dimensions  
  
1.Width of patch element: 
 

W = c/(2fo (εr +1)/2)     

      

where,  the velocity of light  c =  m/s, the resonant frequency fo (fc) = Hz and 

 the dielectric constant εr = 1  
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By putting the known and specified values we get:  
 

W = 3/(2×3.5×10 (1+1)/2)) 

     = 3/70 
     = .0428571     
     = 42.857 mm = 43 mm 
 
2. The effective dielectric constant (εreff): 
 

εreff   =   (εr +1)/2 + (εr -1)/2 [1/ (1+12h/w)]                                                                                 

          =  (1 + 1)/2 + (1 -1)/2 [1/ (1+12×4/43)] 
          =  2/2 
          = 1 
     
For using air as the dielectric material of the substrate, εreff becomes 1 which also simplifies 
the calculations. This value also indicates that if air is used as dielectric then εreff has no 
significance on the frings factor. In this type of design electric field lines travel only through air, 
which can be considered as homogeneous making  permittivity of air  significant for calculating 
frings factor as follows. 
 
3. The increase of electrical length of patch due to fringing (∆L):  
  

∆L = 0.412h [(εreff+0.3)(w/h +0.264)/( εreff – 0.258)(w/h + 0.8 )]    
     = 0.412×4 [(1+0.3)(43/4 + 0.264)/(1-0.258)(43/4 + 0.8)]  
     = 2.75 mm 
 
4. Effective length (Leff): 
 
Leff= c/(2fo εreff) 
     = 3/(2×3.5 × 10 1)   
     = 43 mm            
 
 5. The physical (practical) length of patch element: 
    
  L = Leff - 2∆L   
     = 43 – 2(2.75) 
     = 43 – 5.5 
     = 37.5 mm 
           
So after the subtracting twice the Frings factor from the effective length, we found the practical 
length of patch L= 37.5 mm which will be considered for different designs.  
Considering the same substrate material (air), substrate height h=4mm but resonant frequency 
fc = 3.65 GHz , the calculated patch dimensions ( width W and physical length L) according the 
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above procedure are as follows: 
 
Patch width W = 41mm 
Patch physical length L = 35.5 mm 
 
So for the above two resonant frequencies, patch dimensions do not vary a lot. After simulation 
of different patch array structures based on these patch dimensions (calculated above for fc = 
3.5 GHz and fc = 3.65 GHz) it will be clear whether these values are accurate or any adjustment 
is needed. 
 
2.4 Design of microstrip patch by 3D simulator Empire XCcel  

After getting the results of patch dimensions by hand calculation, now the same patch will be 
designed using the Empire XCcel 3D simulator to compare the values obtained by two methods. 

Patch dimentions obtained  from the  simulator 

Length L = 37.3513 mm (37.5 mm was obtained by hand calculation) 
Width W = 42.8571 mm ( same was calculated by hand calculation) 
The value L is very near to the hand  calculated value.  
   
 

 
 

 
Figure 2.2    Micro strip patch antenna designed by the simulator Empire XCcel. 

 
 

2.5 Number of patch elements and spacing among them 
Patch elements can vary from two to many depending on the applications. For low power and 
low range application one microstrip patch might be enough but for very long distance 
communications, such as, space to space communications 10 by 10 patch array  is being 
generally used [4] to achieve very high gain and directivity. In our basic design we considered 
four micro strip patch elements, though different  patch array configurations with more patches 
are also designed with aid of Empire Xccel simulator to study the effect of total number of 
patches on the array performance.  
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To ensure that there is only one main lobe in the desired direction the separation between the 
elements should not be equal to multiples of the operating wavelength [4]. Considering this in 
our design, microstrip patch elements are spaced slightly then the free space wavelength  in the 
x direction to prevent grating lobes  [2]. Spacing in the y direction is kept equal to half 
wavelength in order to avoid grating lobes and feed line crowding in the basic design of 2 by 2 
patch array with coaxial port and micro strip lines. Besides, the separations of patches in x and y 
directions are also changed in different array designs to observe the effect of patch element 
spacing on resonant frequency, radiation pattern etc. 
 

2.6 Ports used 
Two types of ports are used  in  the different types of patch array configurations for providing 
input signal which is essential for simulation.   
 

■ Perpendicular lumped port 
This port is built in  the microstrip antenna and patch array template of Empire XCcel, because 
it is suitable for simulation. The location of the port can also be changed easily according to 
requirement. As shown in Figure 2.3, the port  consists of voltage and current boxes for 
recording time signals and  a surface resistance with an adjustable port impedance (load), 
which is 50 Ωs by default. It is exited with a current source of 1A applied to the port parallel to 
the resistive load  [15]. 

 

 
 

Figure 2.3   Parameters of perpendicular lumped port [15]. 

 
 
■ Coaxial  SMA connector port 
A male coaxial connector is attached with the ground plane and micro strip transmission line in 
order to carry the input signal to each patch. It is also known as  SMA connector which is a very 
common type of RF frequency connector. The typical input impedance of SMA connectors is 
normally considered as 50 ohms [54]. The outer conductor is attached with the ground plane 
and inner rod is soldered to the  micro strip line of the upper patch array layout. 
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2.7 Micro strip line 
In the basic design of 2 by 2 patch array,  multiple microstrip transmission lines, also known as 
feed lines,  are used to carry the input signal from the coaxial connector to each patch. They are 
connected directly to all patches, affecting neither the radiation pattern nor the input 
impedance of the  radiation patch. The micro strip  lines are perpendicular to the radiated 
electric fields  and for that reason the  electric fields can not exite currents in  these feed lines 
[2]. Quarter wave transformers are used to match the impedance of coaxial port and all 
patches for proper transfer of power from the input port to each patch. The width and length of 
micro strip lines are varied in several designs to evaluate how these dimensions affect antenna 
performance.   
 

2.8 Ground plan 
Ideally ground plane should be infinite but that is not possible practically. Large ground planes 
produce stable pattern and  lower environmental sensitivity [25] but make the microstrip patch 
and patch array larger. The ground plane can increase the gain of  the antenna [26] but  on the 
other hand can affect adversely to antenna bandwidth, so a compromise is made to meet the 
expected values of these two parameters.  
 
Empire Xccel automatically creates the ground plan depending on the patch and patch array 
configurations during the time of  designing the patch and patch array using the microstrip 
antenna and patch array template respectively which makes the design procedure simpler. 
 
Based on the  microstrip patch dimensions, number of patch elements and spacing, different 
types of port,  determined and considered in the above sections, various patch structures will 
be designed and simulated with Empire XCcel,  so that one design can be  optimized for use in 
WiMAX communication technology. This approach will also allow us to observe the effect of 
chaning the above physical parameters on the overall performance of patch array. 

2.9 Designs of different types of  patch arrays  by Empire XCcel 

The lengths and widths of the rectangular patch elements, which are supposed to transmit and 
receive 3.5 GHz and 3.65 GHz signals respectively, determined in the above sections. Based on 
these microstrip patches, patch arrays of various configurations , such as, 4 by 1,  8 by 1; 2 by 2 
by 2, 4 by 2,  8 by 2 etc. will be designed for simulation. Based on the simulation results some 
design will be modified to get the desired performance. Particularly, the design which will 
produce the best result will be  selected for fabrication for practical test. 
 

2.9.1 Design Approach 
Empire XCcel allows two methods to design a patch array: 
 ■ Using patch array template (short and straight forward) 
 ■ Using microstrip antenna template (lengthy) 
Both the methods are utilized to design different patch array configurations for simulation. 
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Chapter 3 
 
 

Simulations of patch arrays with  different configurations and results 
_________________________________________________________ 
 
3.1 Empire XCcel 3D simulator 
EMPIRE XCcel is one of the leading 3D electromagnetic field simulators. It is based on the 
powerful Finite Difference Time Domain method (FDTD), which has become an industrial 
standard for RF component and antenna design. Due to EMPIRE XCcel’s unique adaptive on-
the-fly code generation it exhibits the fastest simulation engine known today. With this highly 
accelerated kernel full-wave EM-simulations can now be performed in minutes which used to 
take days some years ago [29].   
 
3.2 Finite Difference Time Domain Method 
Due to the unknown electromagnetic field behavior, majority problems occurred in analyzing 
and designing high frequency elements like antenna, RF circuits etc. These problems are 
normally referred as ‘parasitics’ or ’coupling effects. The reason for the inability to predict the 
electromagnetic field behavior is that Maxwells equations can not be solved analytically for any 
practical structure [15]. Because of that researchers often have to deal with approximations 
which naturally have limitations in different applications. Finite Time Domain Method is such 
technique by which Maxwell’s equation can be solved for any practical structure with very few 
approximations. And it is well known the lesser approximations is considered, the better it is for 
analysing a structure. In this method the equations are discretized in space and time which is 
accomplished by mapping the structure of interest onto a rectangular grid where the unknown 
electric and magnetic field components are located in each cell. The FDTD method employs an 
efficient time stepping algorithm, known as the Yee’s leapfrong scheme. The basic idea of 
leapfrong scheme is to place the unknown field components in a certain position of each cell so 
that every electric field component is surrounded by four circulating magnetic field components 
and vice versa as shown in the following figure [15]. 
 

 
 

Figure 3.1    Arrangement of field components in a Yee cell [15]. 
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Examining Maxwell’s differential equations reveals that the change in the E-field in time is 
dependent on the change in the H-field across space which is called the curl in mathematics. 
This results in the basic FDTD time-stepping relation that, at any point in space, the updated 
value of the E- field in time depends on the stored value of E field and the numerical curl of the 
local distribution of the H field in space [15]. The H field is time stepped in a similar manner. 
Iteration of the E and H fields update results in a marching in time prgression wherein sampled 
data analogs of the continuous electromagnetic waves under consideration propogate through 
a numerical grid stored in the memory of computer. In this scheme the E field updates are 
conducted midway during each time step  betweeen successsive  H field updates and vice versa 
[16]. 

 
 
3.3 Simulations of different patch array configurations (designs) 
Upon starting EMPIRE Xccel, most simulation  parameters have already been entered. They can 
be accessed in the simulation set up list to adjust their values [30 ]. Larger the difference 
between start and stop frequencies, shorter is the input  pulse width used for exitation at the 
port. Resolution is a measure of the grid accuracy used for automatic meshing. Dielectrics and 
conductors can be treated as lossy or lossless [30].  
 

During simulation the variation of the input voltage (pulse) is shown in time step progression  
and at the end of simulation S-parameters are displayed. By clicking at the other parameters 
like impedance, farfield etc.  is going to show the respective graphs. At  first, time domain 
parameters are calculated and then Discrete Fourier Transformation (DFT) is done to calculate 
the frequency related terms to complete the results.  
 
Start and end frequencies are automatically selected as 2GHz and 4.5GHz after selection of the 
target frequency in the patch array template, which is also adjusted a little bit by the simulator. 
All the other selections are also done automatically by the simulator [30] and we keep these 
values intact because of their suitability for our designs. 
 
Based on the following physical and characteristic parameters, different patch array 
configurations are generated by Empire Xccel for simulation: 
 
Substrate Material =SM 
Substrate Height =SH 
Patch length in x direction=l 
Patch width in y direction=w 
Element spacing in x direction=ldx 
Element spacing in y direction =wdy 
No of element in x direction=num-x 
No of element in y direction=num-y 
Beam angle θ=0 
Beam angle  Φ=0 
Target (expected resonant) frequency=TF=3.5 GHz 
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Start frequency=SF= 2 GHz 
End frequency=EF= 5 GHz 
Perpendicular lumped Port=plp 
 
In most designs some physical parameters of different patch arrays are considered fixed, which  
are TF= 3.5 GHz, SF=2 GHz, EF=5 GHz, SM=air, SH=4mm etc. and these parameters will be 
considered fixed unless otherwise stated. 
 
 
 
3.4 Simulation results of differennt patch arrays  
Results will be displayed according to the design method as follows, 
 

■ 2D (Dimentional) view of radiation. 
■ Input voltage. 
■ S11 parameter. 
■ Input impedance. 
■ Electric farfield. 
■ 2D (Dimentional) and 3D views of radiation pattern. 
  
 
 
3.4.1. Simulation results of patch arrays designed by patch array template 
In this method, after opening the patch array template, all the required physical and 
characteristic parameters, such as, substrate material, substrate height, resonant frequency 
etc. (mentioned above) are given to the simulator to generate the expected patch array 
configuration. This method is simple and  straight forward. 
 
Simulation results of different patch array configurations are presented as follows: 
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3.4.1.1. SM=Air, SH=4mm, l=37.5mm, w=43mm, ldx=75mm, wdy=0, num-x=4, num-y=1, TF= 
3.5 GHz, plp. 
This configuration is suitable for easier integration with amorphous silicon solar cells for low 
power application. So it is important to verify its performance by simulation before considering 
it for the integration with solar cells. 
 
Figure 3.2 shows the view of radiation of a 4 by 1 patch array. The opposite edges of each patch 
along the y direction radiate electromagnetic waves. Figure 3.3 shows the applied input pulse 
which undergoes oscillation. Figure 3.4 shows the resonant frequency at 3.7 GHz. Figure 3.5 
shows the abrupt change of resistance and reactance of input impedance. Figure 3.6 represents  
the electric farfield by two graphs, the black curve is for a fixed phi of 0° and the red curve for a 
fixed theta of 90°. Figure 3.7 shows the 2D and 3D views of radiation pattern of the 4 by 1 patch 
array. 
 

 
Figure 3.2   2D view of radiation of 4 by 1 patch array. 

 
 

 
 

Figure 3.3   Input voltage to 4 by 1 patch array. 
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Frequency in MHz 

 
 

Figure 3.4   S11 parameter of 4 by 1 patch array. 
 
 
 

 
 

Figure 3.5   Input impedance of 4 by 1 patch array. 
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Figure 3.6   Electric farfield of 4 by 1 patch array. 
 

  
 

                                       
(a)                                                                          (b) 

 

                               
  (c)                                                                           (d)  

 
Figure 3.7  Radiation patterns of the 4 by 1 patch array: (a) 3D view and (b), (c), (d) 2D views. 
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3.4.1.2.  SM=Air, SH=4mm, l=39.55mm, w=43mm, ldx=79.1mm, wdy=0, num-x=4, num-y=1, 
TF= 3.5 GHz 
 
This configuration is the same as the above configuration 3.4.1.1 except length (l) of patch  and 
the spacing of patches in the x direction (ldx). The l and ldx was changed to get the resonant 
frequency at 3.5 GHz. 
 
Figure 3.8 shows the view of  radiation of the  4 by 1 patch array where the length l of each 
patch and spacing of adjacent patches in the x direction (ldx) have been increased to 39.55mm 
and 79.1mm respectively from the previous case explained in Section (3.4.1.1). The opposite 
edges of each patch along the y direction radiate electromagnetic waves. Figure 3.9 shows the 
applied input pulse of short duration. Figure 3.10 shows the resonant frequency exactly at 3.5 
GHz, which indicates that l and ldx are inversely proportional to the resonant frequency of the 
antenna. Figure 3.11 shows the abrupt change of resistance and reactance of input impedance. 
Figure 3.12 represents  the electric farfield by two graphs, the black curve is for a fixed phi of 0° 
and the red curve for a fixed theta of 90°. Figure 3.13 shows the 2D and 3D views of radiation 
pattern of the 4 by 1 patch array. 

 
Figure 3.8   2D view of radiation of 4 by 1 patch array. 

 

 
  

Figure 3.9   Input voltage to 4 by 1 patch array. 
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Frequency in MHz 

 
Figure 3.10   S11 parameter of 4 by 1 patch array. 

  
 
 

 
 

Figure 3.11   Input impedance of 4 by 1 patch array. 
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Figure 3.12   Electric farfield  of 4 by 1 patch array. 
 

             
   (a)                                                                            (b) 

                        
(c)                                                                             (d)            

                                                                        
 

Figure 3.13   Radiation patterns of the 4 by 1 patch array: (a)  3D view and (b), (c), (d)  2D views. 
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3.4.1.3. SM=Air, SH=4mm, l=39.7mm, w=43mm, ldx=79.4mm, wdy=0, num-x=8, num-y=1, TF= 
3.5 GHz,plp 
 
This configuration is also suitable for easier integration with amorphous silicon solar cells for 
moderate power application. So verification is needed to evaluate how it behaves before 
considering it for integration with solar cells. 
 
Figure 3.14 shows the 2D radiation pattern of a 8 by 1 patch array. The opposite edges of each 
patch along the y direction radiate electromagnetic waves. Figure 3.15 shows the applied input 
pulse of short duration. Figure 3.16 shows the resonant frequency at 3.45 GHz. Figure 3.17 
shows the abrupt change of resistance and reactance of input impedance. Figure 3.18 
represents  the electric farfield by two graphs, the black curve is for a fixed phi of 0° and the red 
curve for a fixed theta of 90°. For increasing the number patch in the x direction, the beam 
width of the antenna decreases. Figure 3.19 shows the 2D and 3D views of radiation pattern of 
the 8 by 1 patch array. 
 

 
Figure 3.14   2D  view of radiation of 8 by 1 patch array. 

 

 
 

Figure 3.15   Input voltage to 8 by 1 patch array. 
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Figure 3.16   S11  parameter of 8 by 1 patch array. 
  
 

 
 

Figure 3.17   Input impedance of 8 by 1 patch array. 
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Figure 3.18   Electric farfield of 8 by 1 patch array. 
  

          
(a)                                                                   (b) 

             
(c)                                                                     (d)        

 
Figure 3.19  Radiation patterns of the 8 by 1 patch array: (a)  3D view and (b), (c), (d)  2D views. 
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3.4.1.4. SM=Air, SH=4mm, l=39mm, w=43mm, ldx=60mm, wdy=60mm, num-x=2, num-y=2, 
TF= 3.5 GHz,plp 
 
This configuration can be used for easier  integration with amorphous silicon solar cells. 
Reduced spacing between adjacent patches in x direction (ldx) and y direction (wdy) are 
considered to observe how it affects resonant frequency and radiation pattern. 
 
Figure 3.20 shows the view of radiation of a 2 by 2 patch array. The opposite edges of each 
patch along the y direction radiate electromagnetic waves. Figure 3.21 shows the applied input 
pulse of short duration. Figure 3.22 shows the resonant frequency exactly at 3.5 GHz. Figure 
3.23 shows the abrupt change of resistance and reactance of input impedance. Figure 3.24 
represents  the electric farfield by two graphs, the black curve is for a fixed phi of 0° and the red 
curve for a fixed theta of 90°. The beam width of the antenna increases from the previous cases 
described above. Figure 3.25 shows the 2D and 3D views of radiation pattern of the 2 by 2 
patch array. 

 
 

Figure 3.20   2D  view of radiation of 2 by 2 patch array. 
 

 
 

Figure 3.21   Input voltage to 2 by 2 patch array. 
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Figure 3.22   S11 parameter of 2 by 2 patch array. 
  
 
 
 

 
 

Figure 3.23   Input impedance  of 2 by 2 patch array. 
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Figure 3.24   Electric farfield of 2 by 2 patch array. 
  
 
 
 
 

                                          
(a)                                                                         (b)  

 

                                            
 
                                           (c)                                                                                (d) 
 
Figure 3.25 Radiation patterns of the 2 by 2 patch array: (a)  3D view and (b), (c), (d)  2D views. 
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3.4.1.5. SM=Air, SH=4mm, l=39.7mm, w=43mm, ldx=79.4mm, wdy=86 mm, num-x=2, num-
y=2, TF= 3.5 GHz, perpendicular lumped port(plp) located inside from the left edge 
 
In this case l, ldx and wdy are increased. Perpendicular lumped port are placed slightly inside 
from the left edge of each patch to see how it affects the resonant frequency, bandwidth and 
radiation pattern. 
 
Figure 3.26 shows the 2D radiation pattern of a 2 by 2 patch array. The opposite edges of each 
patch along the y direction radiate electromagnetic waves. Figure 3.27 shows the applied input 
pulse of short duration undergoes oscillaton. Figure 3.28 shows the resonant frequency  at 3.45 
GHz. Figure 3.29 shows the abrupt change of resistance and reactance of input impedance. 
Figure 3.30 represents  the electric farfield by two graphs, the black curve is for a fixed phi of 0° 
and the red curve for a fixed theta of 90°. Side lobs are increased in width here than the 
previous case  described above. Figure 3.31 shows the 2D and 3D views of radiation pattern of 
the 2 by 2 patch array. 

 
Figure 3.26   2D  view of radiation of 2 by 2 patch array. 

 

 
 

Figure 3.27   Input voltage to 2 by 2 patch array. 
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Frequency in MHz 

 
Figure 3.28   S11 parameter of 2 by 2 patch array. 

 
 

 
 

Figure 3.29   Input impedance of  2 by 2 patch array. 
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Figure 3.30   Electric farfield  of 2 by 2 patch array. 
  
 
 

                                        
 

(a)                                                                     (b) 
 

                                                         
 
                                                     (c)                                                                        (d)         
                                                   
Figure 3.31   Radiation patterns of the 2 by 2 patch array: (a)  3D view and (b), (c), (d)  2D views. 
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3.4.1.6 SM=Air, SH=4mm, l=39.7mm, w=43mm, ldx=79.4mm, wdy=86 mm, num-x=4, num-
y=2, TF= 3.5 GHz,plp 
 
This configuration  is very  suitable for  easier integration  with amorphous (thin film) solar cells 
for moderate power application. So verification of its performance by simulation is required 
before considering it for integration with solar cells. 
 
Figure 3.32 shows view of  radiation  of the  4 by 2 patch array. The opposite edges of each 
patch along the y direction radiate electromagnetic waves. Figure 3.33 shows the applied input 
pulse of short duration undergoes oscillation. Figure 3.34 shows the resonant frequency exactly 
at 3.5 GHz. Figure 3.35 shows the abrupt change of resistance and reactance of input 
impedance. Figure 3.36 represents  the electric farfield by two graphs, the black curve is for a 
fixed phi of 0° and the red curve for a fixed theta of 90°. The beam width of the antenna 
decreases  from the previous cases described above. Figure 3.37 shows the 2D and 3D views of 
radiation pattern of the 4 by 2 patch array.  

 
Figure 3.32   2D  view of radiation of 4 by 2 patch array. 

  

 
 

Figure 3.33   Input voltage to 4 by 2 patch array. 
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Frequency in Mz 

 
Figure 3.34   S11 parameter of 4 by 2 patch array. 

  
 

 
 

Figure 3.35   Input impedance of 4 by 2 patch array. 
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Figure 3.36   Electric farfield of 4 by 2 patch array. 
  

                                       
   

(a)                                                                       (b) 

                        
 
                                                (c)                                                                       (d)      
 
Figure 3.37   Radiation patterns of the 2 by 2 patch array: (a)  3D view and (b), (c), (d)  2D views. 
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3.4.1.7. SM=Air, SH=4mm, l=39.7mm, w=43mm, ldx=79.4mm, wdy=86 mm, num-x=8, num-
y=2, TF= 3.5 GHz,plp 
 
This configuration  is also very  suitable for  easier integration  with amorphous (thin film) solar 
cells for moderate to high power application. So verification of its performance by simulation is 
required before considering it for integration with solar cells. The number of patches are 
increased to analyze how it influences the resonant frequency, bandwidth and radiation 
pattern. 
 
Figure 3.38 shows view of  radiation  of a 8 by 2 patch array. The opposite edges of each patch 
along the y direction radiate electromagnetic waves. Figure 3.39 shows the applied input pulse 
of short duration undergoes oscillation. Figure 3.40 shows the resonant frequency exactly at 3.5 
GHz. Figure 3.41 shows the abrupt change of resistance and reactance of input impedance. 
Figure 3.42 represents  the electric farfield by two graphs, the black curve is for a fixed phi of 0° 
and the red curve for a fixed theta of 90°. Figure 3.43 shows the 2D and 3D views of radiation 
pattern of the 4 by 2 patch array.   

 
Figure 3.38   2D  view of radiation of 8 by 2 patch array. 

 
 

 
 

Figure 3.39   Input voltage to 8 by 2 patch array. 
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Frequency in MHz 

 
Figure 3.40   S11 parameter of 8 by 2 patch array. 

  
 

 
 

Figure 3.41   Input impedance of 8 by 2 patch array. 
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Figure 3.42   Electric farfield 8 by 2 patch array. 
  
 

                    
(a)                                                                   (b) 

                         
 
                                                   (c)                                                                   (d) 
 

 
Figure 3.43   Radiation patterns of the 8 by 2 patch array: (a)  3D view and (b), (c), (d)  2D views. 
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3.4.1.8 SM=Air, SH=4mm, l=37.5mm, w=43mm, ldx=75mm, wdy=86 mm, num-x=2, num-y=2, 
TF= 3.5 GHz. 
 
Modified with coax connector (equidistant from each patch) for providing input signal  and 
microstrip transmission lines (MSLs) of width 1mm, 2mm and 4mm (as quarture wave 
transformer) to carry the input signal to each patch. 
 
Figure 3.44 shows view of  radiation  of the 2 by 2 patch array. The opposite edges of each 
patch along the y direction radiate electromagnetic waves. Figure 3.45 shows the applied input 
pulse of short duration undergoes oscillation. Figure 3.46 shows the resonant frequency nearly 
at 3.5 GHz. Figure 3.47 shows the sharp change of resistance and reactance of input impedance. 
Figure 3.48 represents  the electric farfield by two graphs, the black curve is for a fixed phi of 0° 
and the red curve for a fixed theta of 90°. Figure 3.49 shows the 2D and 3D views of radiation 
pattern of the 4 by 2 patch array. The radiation pattern becomes a half circle in this case. 
 
 
 

 
 

Figure 3.44   2D view of radiaion of 2 by 2 patch array. 
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Figure 3.45    Input voltage to 2 by 2 patch array. 
 

 

 
Frequency in MHz 

 
Figure 3.46    S11 parameter of 2 by 2 patch array. 
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Figure 3.47   Input impedance of 2 by 2 patch array. 
 

 

 
 

Figure 3.48   Electric farfield of 2 by 2 patch array. 
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(a)                                                                               (b) 

                      
 
                                                   (c)                                                                                 (d) 
 
 
Figure 3.49   Radiation patterns of the 2 by 2 patch array: (a)  3D view and (b), (c), (d)  2D views. 
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3.4.1.9. SM=Air, SH=4mm, l=37.5mm, w=43mm, ldx=75mm, wdy=86 mm, num-x=2, num-y=2, 
TF= 3.5 GHz. 
 
Modified with coax connector (equidistant from each patch) for providing input signal  and 
microstrip transmission lines (MSLs) of width 2mm, 4mm and 6mm (as quarture wave 
transformer) to carry the input to each patch. The widths are increased from the previous case 
3.4.1.8 to get the resonant frequency exactly at 3.5 GHz. 
 
Figure 3.50 shows view of  radiation  of the 2 by 2 patch array. The opposite edges of each 
patch along the y direction radiate electromagnetic waves. Figure 3.51 shows the applied input 
pulse of short duration. Figure 3.52 shows the resonant frequency exactly at 3.5 GHz. Figure 
3.53 shows the sharp change of resistance and reactance of input impedance. Figure 3.54 
represents  the electric farfield by two graphs, the black curve is for a fixed phi of 0° and the red 
curve for a fixed theta of 90°. Figure 3.55 shows the 2D and 3D views of radiation pattern of the 
2 by 2 patch array. The radiation pattern is also a half circle in this case. 
 
 
 

 

 
 

Figure 3.50   2D  view of radiaion   of 2 by 2 patch array. 
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Figure 3.51    Input voltage to 2 by 2 patch array. 
 

 

 
 

Figure 3.52   S11 parameter of 2 by 2 patch array. 
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Figure 3.53    Input impedance of 2 by 2 patch array. 
 
 

 
 

Figure 3.54   Electric farfield of 2 by 2 patch array. 
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(a)                                                                                   (b) 
 

                                     
 
                                          (c)                                                                                   (d)      
 

                              
 
               
                                         (e)                                                                                     (f) 
 

Figure 3.55   Radiation patterns of the 2 by 2 patch array: (a), (e), (f)  3D views and (b), (c), (d)  
2D views. 
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3.4.2. Simulation results of patch arrays designed by micro strip antenna template 
 
In this method at first a micro strip patch antenna is designed by the simulator according to the  
required resonant frequency 3.5GHz. This single micro strip patch is then tuned and copied to a 
2 by 2 patch array according to the tutorial presented on patch antenna design in Empire XCcel 
website [12]. 

 
3.4.2.1. SM=Air, SH=4mm, l=36.65mm, w=42.86 mm, ldx=75.3mm, wdy=86.29, num-x=2, 
num-y=2, TF= 3.65 GHz,plp located middle at the left edge of all patches.  
 
This case is considered to compare its performance with that of configuration 3.4.1.4. Since the 
method, micro strip antenna template, is lengthy than the method of patch array template 
used for generating the configuration 3.4.1.4, it is important to have a comparative study of 
these two design methods. 
 
Figure 3.56 shows view of  radiation  of the 2 by 2 patch array. The opposite edges of each 
patch along the y direction radiate electromagnetic waves. Figure 3.57 shows the applied input 
pulse of short duration undergoes oscillation. Figure 3.58 shows the resonant frequency  at 
3.65 GHz. Figure 3.59 shows the abrupt change of resistance and reactance of input impedance. 
Figure 3.60 represents  the electric farfield by two graphs, the black curve is for a fixed phi of 0° 
and the red curve for a fixed theta of 90°. Figure 3.61 shows the 3D view of radiation pattern of 
the 2 by 2 patch array.  
 
 
 

 
 

Figure 3.56   2D  view of radiation of 2 by 2 patch array. 
 



64 

 

 
 

Figure 3.57   Input voltage to 2 by 2 patch array. 
 
 

 
 

Figure 3.58    S11 parameter of 2 by 2 patch array. 
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Figure 3.59   Input impedance of 2 by 2 patch array. 
 
 

 
 

Figure 3.60   Electric farfield of 2 by 2 patch array. 
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Figure 3.61    3D radiation pattern of 2 by 2 patch array. 
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3.4.2.2. SM=roger 5880, SH=1.524 mm, l=27.08mm, w=33.88mm, ldx=54.17mm, wdy=67.76, 
num-x=2, num-y=2, TF= 3.5 GHz,plp located inside from the left edge of patches. 
 
In this case substrate material of patch array is changed to roger 5880 to evaluate how it affects 
resonant frequency, bandwidth and radiation pattern. 
 
Figure 3.62 shows view of  radiation  of the 2 by 2 patch array. The opposite edges of each 
patch along the y direction radiate electromagnetic waves. Figure 3.63 shows view of  radiation 
in zx plane. Figure 3.64 shows view of  radiation in zy plane. Figure 3.65 shows the applied input 
pulse of short duration undergoes oscillation. Figure 3.66 shows the resonant frequency  at 
3.65 GHz. Figure 3.67 shows the abrupt change of resistance and reactance of input impedance. 
Figure 3.68 represents  the electric farfield by two graphs, the black curve is for a fixed phi of 0° 
and the red curve for a fixed theta of 90°. Figure 3.69 shows the 3D view of radiation pattern. 
Figure 3.70 shows the 2D radiation pattern of the 2 by 2 patch array.  
 
 

 
 

 
Figure 3.62   2D  view of radiation of 2 by 2 patch array. 

 
 

 

 
Figure 3.63   2D  view of radiation  in zx plane. 
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Figure 3.64   2D  view of radiation in zy plane. 

 
 

 

 
 

Figure 3.65   Input voltage to 2 by 2 patch array. 
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Frequency in MHz 

 
Figure 3.66   S11 parameter of 2 by 2 patch array. 

 
 

 
 

Figure 3.67   Input impedance of 2 by 2 patch array. 
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Figure 3.68    Electric farfield of 2 by 2 patch array. 
 

 

 
 

Figure 3.69   3D radiation pattern of 2 by 2 patch array. 
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Figure 3.70   2D top view of  radiation pattern of 2 by 2 patch array. 
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3.5 Analysis  of simulation results and selection of a modified design for WiMAX application 
Many characteristics and performance graphs are presented in the previous section. These  
performance parameters clearly depict the behaviour of different patch arrays based on which 
one or more designs for WiMAX application can be selected. Now we are going to make an 
analysis based on  simulation results and pick up one design for fabrication. Following 
conclusions can be made based on the simulation results obtained in the previous section. 
  
Port voltage 
Time domain Port voltages of different patch array configurations clearly show the fluctuation 
(variation) of applied input pulse at the boundary of port (or MSL) and patch due to reflection 
and radiation. Though Empire XCcel does not provide any animation regarding this incidence at 
the port/MSL and patch boundary, it can be clearly realized by viewing the animation presented 
in the website [31]. Sometimes during the time of simulations of many patch arrays one by one, 
the simulator displays the input short pulse instead of the fluctuations that occur at the port 
/MSL and patch interface, which is revealed through the results obtained. 
  
Variation of port voltages for the same configurations, such as, 4 by 1, 6 by 1 etc. remains more 
or less the same but it changes to a greater margin  for different configurations, such as, 4 by 1, 
4 by 4 and  2 by 2 with MSL and coax connector etc. For all the cases the fluctuation of the input 
pulse  at the ports or MSL and patch boundary tends to stabilise and becomes zero after some 
time which is clearly indicated by the graphs obtained. 
  
Scattering parameters 
As already stated, in simulation  our main focus of interest is the Scattering parameters  S11, 
which clearly indicates the frequency of operation (resonant frequency) and bandwidth etc. of 
different patch arrays. The first array configuration, a  4 by 1  patch array which is based on the 
single patch designed by hand calculation in the last chapter, does not give  the desired 
resonant frequency at 3.5 GHz, instead it gives 3.65 GHz (which is our secondary concern) and 
this results repeat itself for all the other patch arrays presented in the last chapter. We know 
resonant frequency is inversely proportional to the patch length, so keeping all the other 
characteristic and physical parameters constant  of all the other patch arrays, only patch length 
and element spacing in x direction are increased to 39.55 mm and 79.1 mm  respectively  to get 
the desired frequency of operation 3.5 GHz of the antenna at -10.3 dB, which is quite 
acceptable. So considering the perpendicular lumped port this is the ultimate design of a 4 by 1 
patch array. This approach is repeated for all  the other patch array configurations to observe 
the effect of different configurations  and patch element number on  resonant frequency. All 
the other  patch arrays  based on l=39.7 mm and ldx=79.4 mm provide resonant frequency at 
3.5 GHz or slightly deviated from it. It also  shows that if patch dimensions, element spacing in 
both x and y directions remain unchanged then change in patch element number and  different 
configurations do not change the resonant frequency to a big margin. The -dB level at resonant 
frequency of various patch arrays varies from -10 dB to -30dB. Since -9.5 dB is the minimum 
acceptable dB level for S11 [5], so it can be concluded that all the configurations  produce 
satisfactory scattering parameter S11.  
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Changing the substrate from air to roger 5880 (1.524 mm thick) increases the dB level of S11 
significantly. Configurations 3.4.2.1 and 3.4.2.2 delivers S11 which varies from -14.8 dB to -22dB 
respectively. Reduction in element spacing also increases the maximum  dB level of S11. But the 
best performance  is provided by  the feed method which involves coaxial connector and micro 
strip lines. And regarding this, -30dB being  the highest dB level of S11 at 3.5 GHz, produced by 
the configuration 3.4.1.9, a 2 by 2 patch array where input is supplied to each patch by a single 
coaxial connector and MSLs (which also includes quarter wave transformer of 6mm width).  The 
other configuration 3.4.1.8, also  composed of coax port and MSL ( of different width)  provide 
S11 of  -18 dB  at different resonant frequenc  which is 3.52 GHz. So the width of MSL is very 
important to get the desired frequency of operation of patch array.  
 
Based on S11 Bandwidth is estimated for all the patch array structures and it varies from 0.57 % 
(configuration 3.4.2.2)  to 8.57 % (configuration 3.4.1.9) at -9.5 dB. The patch array represented 
graphically at 3.4.1.9 which produces the best S11 also provides the highest  bandwidth of 8.57 
% at -9.5 dB among all the simulated patch array configurations. Besides this patch array can 
also be used for both 3.5 GHz and 3.65 GHz operational  frequencies, which fulfills our design 
objective. And it is quite obvious that bandwidths of various patch arrays  decrease more with 
the increase of  dB level in scattering parameters graphs. 
 
Impedance 
All the impedance curves show that at some point in the frequency  band  the resistive part 
increased abruptly to a high value and reactive part changes it direction, though it has a 
positive average value. Because of his sudden increase of resistance of the patch configurations 
it is able to work at a particular frequency which is 3.5 GHz in the present case.  
 
Electric farfield (Radiation pattern) 
In Empire XCcel two graphs represent the E farfield. The black curve is for a fixed phi of 0° and 
the red curve for a fixed theta of 90°. This curves are  described  more elaborately by  the far 
field field animations from different angles. This is also our focus of interest, because we are 
interested in directional antenna for WiMAX application in the present design. For different 
patch size the main lobe of the radiation pattern of a particular array configuration, such as, 4 
by 1, 1, 8 by 1 etc. does not change significantly though the number and size of side lobes 
change. Infact the number of side lobe increases with the increase of patch element.  but the 
radiation pattern  changes  significantly when patch element number and configurations 
change, such as, from 4 by 1 to 4 by 2 which can be clearly evaluated from the ff animation 
graphs. So in essence because of  change of patch element number,  the size and  number of 
side lobes  and radiation pattern also change.  
  
Patch array configurations 
In case of different configurations, such as, 4 by 1, 2 by 2, 4 by 2 etc. radiation patterns of 
different patch arrays change significantly. But if the patch dimensions and spacing (based on 
3.5 GHz resonant frequency) is kept fixed for all configurations then resonant/target frequency 
does not change a lot for different patch array structure. Because of different array 
configurations fluctuation or variation the port voltage changes. 
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Number of patch elements 
For the increase of patch element number  for a particular configuration the main lobe 
becomes narrower which results in increased directivity. Resonant frequency changes little bit 
which is not very significant. Number of side lobes also increases with the increase of patch 
elements.  
 
Spacing between patch elements 
Reduction in patch element spacing in x and y direction also reduces the size of the side lobes. 
Side lobes are wastage of useful energy so to have less spacing between adjacent patch 
elements is a good choice in applications  where only the main lobe is the primary concern.  
 
Substrate Material 
Materials with higher dielectric constant than that  of air decreases patch dimensions and 
spacings in x and y directions between adjacent patches as well as the bandwidth of patch 
arrays, , converting it to a narrow band antenna, sometimes very useful in  microwave access. 
For different substrate material the variation of port voltage  also changes to some extent.  
 
Modification of patch array design for WiMAX application 
Perpendicular lumped ports, considered in majority patch array configurations  are voltage gaps 
applied between two metallic structures. “perpendicular” just corresponds to the global 
orientation of the port which is by default perpendicular to the plane we are looking at in the 
draft display mode. Lumped ports are hence kind of theoretical excitations. Nevertheless for 
many numerical models, needed for optimization before fabrication, those ports provide 
accurate S11 and impedance results as well as global excitation of the structure and because of 
that it is the built in port for all antenna templates in Empire XCcel . This port is located at the 
left side boundary in patch array template and inside from the left boundary in microstrip 
antenna template. 
 
The lumped ports guarantee quite accurate results in most of the cases however  such ports 
enforce a certain field at the place where they are located whose model content is not as rich 
as the actual field at the same location. Hence if we are interested in the field very close to the 
port then most probably the distribution will not be exactly as it is in reality. This is also why 
coaxial or microstrip ports  are also defined  in Empire.  They can be easily selected by port 
library during the time of design which is capable to give a more realistic representation of the 
actual excitation of the structure especially in the close proximity of the port. 
 
That is why modifications are  done on the basic 2 by 2 patch array configuration (based on 
hand calculation for resonant frequency 3.5 GHz) by replacing the perpendicular lumped ports 
by  several micrsostrip lines (MSLs) and a single  coaxial connector as shown in Sections 3.4.1.8 
and 3.4.1.9. This arrangements bring the array configurations much closer to practical 
situations. Single input signal is fed to the coax port and this signal is carried to each patch by 
MSLs. Coax port is equidistant (and in equilibrium state)  from each patch so all the input 
signals  at each patch are in phase which is  a mandatory condition to get the broadside 
radiation explained earlier. Finally two quarter wave transformers are added with the correct 
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width to match the impedance of caox port and patches to yield the desired S11. The 
configuratoin gives  hemipherical (upper half circle) coverage which  can be  used for WiMAX 
application. The patch array presented at configuration Section 3.4.1.9, shown in the Figure 
3.70 gives a very good and satisfactory S11, already described, which satisfies our requirements 
and hence selected for the fabrication.  
 
 

 
 
 
 
Figure 3.71    3D  view of planar micro strip 2 by 2 patch array antenna selected for fabrication. 
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Chapter 4 
 

Fabrication of the patch  array optimized for  WiMAX  application, 
tests and results.  
________________________________________________________ 
 
 
4.1 Fabrication of the 2 by 2 patch array 
Patch array is fabricated in accordance with the specifications stated below, 
Dimension of the 2 by 2 patch array layout : 129mm by 129mm.  
With 6mm border in each side of the above layout the dimension is = 138mm by 142mm  
(upper PCB board) in x and y direction respectively. 
Dimension of the ground plane : 160mm by 160mm (lower PCB board, no layout design 
needed, only the board was cut according to required size). 
Substrate height : 4mm. 
Substrate material : Air. 
Printed Circuit Board (PCB) : FR(Flame Retundant) 4. 
PCB thickness  FR4  : 1.5mm for Ground plan. 
PCB thickness  FR4  : 1.2mm for Patch array layout. 
 
Step 1 
PCB layout is designed by PCB layout design software ‘Eagle’, based on the following diagram 
(top view) of 2 by 2 patch array configuration 3.4.1.9 presented in chapter 3. 

 
Figure 4.1   2D top view of 2 by 2 patch  array selected for fabrication. 
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Step 2 
The soft copy of PCB layout of patch array was sent to the designated manufacturing company 
Cograpro in Sweden for fabrication on FR4 substrate of thickness 1.2mm. 
 
Step 3 
After  receiving the fabricated PCB layout of 2 by 2  patch array, this board was placed 4mm 
above  the ground plane ( plain FR 4  PCB board 1.5mm thick cut into 160mm by 160mm size, 
no layout design is needed ) and the two PCBs are then attached to each other by a single SMA 
coaxial connector and  insulating (plastic) screw-nuts along with 4mm plastic separators as 
shown in  Figure 4.2. Then the patch array antenna was ready for practical tests to evaluate its 
performance. 
 
 

 
 

Figure 4.2    Two fabricated 2 by 2 planar micro strip patch array antennas. 
 
4.2 Tests and measurements 
Tests are necessary to evaluate the antenna performance to see whether it is working with the 
expected characteristics or not. The parameters which often best describe an antenna’s 
performance are the scattering parameters S11 or return loss (which directly shows the 
resonant frequency or operational frequency and bandwidth of the antenna), radiation pattern 
(directivity), gain, efficiency and impedance etc. [4]. For accurate measurements of the above 
parameters, proper test environments or conditions are necessary, otherwise the measured 
performance paremeters do no reflect the true characteristic of the antenna.  
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4.2.1 Test environments 
The perfect place  to perform antenna measurements is somewhere in  space, where no 
reflections can occur but it is not practically possible to get most of the time [33]. The testing 
and evaluation of antenna performances are done in antenna  ranges. Antenna facilities are 
divided as out door and indoor ranges, both measurement techniques have their own 
limitations [4] 
  

Indoor ranges which is also known as free space ranges, where  antenna measurement 
locations designed to simulate measurements that would be performed in space. That is, all the 
undesirable reflected waves from nearby objects and the ground are suppressed as much as 
possible. The most popular free space ranges are anechoic chambers, elevated ranges, and the 
compact range [33]. Generally antenna characteristics are measured in the receiving mode and 
also requires farfield condition, the ideal electromagnetic  field incident on the antenna should 
be uniform plane wave. To meet this a large area is needed and this limits the value of indoor 
facilities. So it has space restrictions. In this technique, from the  near field measurements 
farfield radiation pattern is predicted [4]. Our patch array will be tested in normal indoor 
facilities. 
 
In outdoor measurement  though it is possible to meet the farfield condition yet it is very 
difficult to protect the system from environmental conditions which is beyond control 
sometimes and unpredictable. This method  is also known as reflection ranges where the range 
is selected in such a way that reflections from earth (ground) interfere positively, that is, 
constructively with the signal radiated by the antanna, thus improving the overall  system 
performance [4].   
 
  
4.2.2.Tests and results of different characteristic parameters of the fabricated patch array 
 
The performace/characteristics parameters have been measured in the following order, 
■ Scattering parameters ( resonant frequency/bandwidth) 
■ Impedance 
■ Voltage Standing Wave Ratio 
■ Gain 
■ Radiation pattern 
 
4.2.2.1. Scattering parameters ( resonant frequency/bandwidth) 
For all ports of the antenna the reflected power waves can be defined in terms of the S 
parameter matrix and the incident power waves by relationship b = Sa and extension of this 
relationship for two ports gives the following martrix equation [9] 
 

                                                           b1 = S11 a1 + S12 a2                                                                 (4.1) 

                                                           b2 = S21 a1 + S22 a2                                                                 (4.2) 

 
where, a , a1, a2 and b, b1, b2 all are incident and reflected power waves. 
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The fabricated patch arrays were tested with vector network analyzer (E5071C of Agilent 
Technologies) by connecting them with port 1 of the analyzer to get  S11  which give the values 
of resonant frequency, bandwidth, input impedance and VSWR. The S21 gives the value of gain 
of  patch array antenna connected to port 2 of network analyzer  in the  receiving mode. Before 
each test the analyzer was calibrated electrically to get accurate results. The experimental 
values of S11  of both the antennas can be compared with the values of scattering parameter S11 

obtained through  simulation  as shown in Figure 4.3 
 

 
                                               

Figure 4.3   S11 parameter of 2 by 2 patch array obtained from simulation. 
 
 

The resonant frequency obtained from the above graph is 3.5 GHz at -30dB. Considering – 9.5 
dB, the estimated Bandwidth  = (3.65-3.35 × 100)/3.5 = 8.57%. As the – dB level of S11 increases 
the bandwidth of patch array decreases singnificantly.  
 
Resonant frequency and bandwidth measurement: 
From S11 parameter it is possible to determine the resonant frequency and bandwidth. Since 
resonant frequency shows at what frequency the antenna is operating and bandwidth 
expresses the range of  operating frequencies centered around the resonant frequency, it is 
obvious  to calculate their value in the test first to evaluate how the patch array behaves in 
room conditions.  Figures 4.4 and 4.6 show the resonant frequencies of patch array 1 and 2  
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obtained from measurement. And Figures 4.5 and 4.7 show the bandwidths of patch array 1 
and 2 calculated from measurement. 
 
Resonant frequency of patch array 1: 
The resonant frequency of patch array 1 obtained from test and measurement is shown in 
Figure 4.4. It clearly shows at 3.663 GHz (marked by marker) the input signal has minimum 
scattering and reflection from the coaxial SMA input port of patch array. So consequently at 
3.663 GHz the patch array has maximum efficiency and for that reason it can be deduced that 
the resonant frequency  of patch array 1  is equal to 3.663 GHz. 
  
 

 
 

 Figure 4.4   Resonant frequency  of patch array antenna 1 obtained from test. 
 
 
Bandwidth of patch array 1: 
Bandwidth of patch array 1 obtained in test  is shown in Figure 4.5. Using  more markers, two 
additional frequencies at 20 dB (approximately) level are obtained, which  are  3.6988564  GHz 
and  3.6175349 GHz respectively. The resonant frequency remains the same as 3.6632783 GHz.                                   
According to this measurement bandwidth of patch array 1 was  calculated as follows,  
 

BW=(3.6988564 – 3.6175349)/3.6632783 = 2.22 %  at -20dB (approximately) of S11 
 

Which means 2.2 % of 3..663 GHz is the bandwidth of patch array 1. 
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Figure 4.5   Bandwidth of patch array antenna 1 obtained from test. 
 
Resonant frequency of patch array 2: 
The resonant frequency of patch array 2 obtained in test and measurement is shown in Figure 
4.6 . It clearly shows at 3..458 GHz (marked by marker) the input signal has minimum scattering 
and reflection from the coaxial SMA input port of antenna. So consequently at 3.458 GHz the 
patch array has maximum efficiency and for that reason it can be concluded that the resonant 
frequency  of patch array 2 measured in test is equal to 3.458 GHz. 
 

 
  

Figure 4.6   Resonant frequency of patch array antenna 2 obtained from test. 
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Bandwidth of patch array 2: 
Bandwidth of patch array 2 obtained in test  is shown in Figure 4.7. Using  two markers, two 
additional frequencies at 20 dB (approximately) level are obtained, which  are  3.4872935  GHz 
and  3.4415502 GHz respectively. The resonant frequency remains the same as 3.4587039 GHz.                                   
According to this measurement bandwidth of patch array 2 is estimated as follows,  
 

                  BW=(3.4872935 – 3.4415502)/3.4587039 = 1.32% at -20dB (approximately) of S11. 
 

Which means 1.32 % of 3..458 GHz is the bandwidth of patch array 2. 
 

 
  

Figure 4.7   Bandwidth  of patch array antenna 2 obtained from test. 
 
 

So  the obtained values of resonant frequencies are close to the value obtained in simulation. 
Generally the pin inductance of the male connector pin of SMA connector plays a role for this 
shift of resonant frequency from  the expected value. The length of the male pin of the SMA 
connector used for input feed of the patch array was short (4mm) for attachment with the 
patch array layout placed 4mm above the ground plane. For that reason rigid metal wire was 
soldered with  the original SMA male pin connector and finally this wire is soldered with the 
middle microstrip line of the patch arrays. Because of using this extra solder joint the pin 
inductance of the SMA connector increased more which was responsible for the shift of 
resonant frequency. 
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4.2.2.2 Impedance 
The impedance of the SMA connector used for feeding input signal can be considered as 50 
ohms. It delivers very good electrical performance from DC to 18 GHz [51]. And this  selection of 
50 ohms is also a compromise between power handling capability and attenuation [36]. For 
proper transfer of power from the coax port to each patch, impedances among this port, micro 
strip line and each patch should be  matched well.  
 
The input impedance of each patch can be calculated theoretically by [2] 

                                                                      
                                                                    Rin = 60 λo/W                                                               (4.3)                                                                                                                                                    

                                                                                                                                                     
where, λo=free space  wavelength of operating signal = 0.0857m (considering resonant                      
frequency 3.5 GHz) and W=Width of the each  patch = 0.043 m  
 
So,  Rin = (60 × .0857)/.043 = 119.58 = 120 ohms 
The insertion point of input feed is equidistant from each patch and the impedance at this point 
is selected 50 ohms for matching with the same input resistance of SMA connector. 
 
For matching this impedance (50 ohms) with the input impedance (120 ohms) of each patch, 
two quarterwave transformers  were  used  with the normal micro strip lines as shown in the 
Figure 4.1 of patch array PCB layout. The widths of the MSL are also taken in appropriate ratio 
for proper impedance matching. 
 
Experimentally the values of impedances of both the patch arrays were calculated  by Smith 
Chart of impedance [5] during the time of testing the patch arrays. The Smith chart contains 
almost all possible impedances, real or imaginary, within one circle. All imaginary impedances 
from - infinity to + infinity are represented, but only positive real impedances appear on the 
"classic" Smith chart [35]. Normalised scaling allows the Smith Chart to be used for problems 
involving any characteristic impedance or system impedance, although by far the most 
commonly used is 50 ohms [34]. 
 
 
Input impedance of patch array 1: 
Figure 4.8 shows the smith chart which contains both the real (resistive) and imaginary 
(reactive) parts of input impedance of patch array 1. We are particularly interested to observe 
the value of real part (resistance) of input impedance of patch array 1 at the resonant 
frequency. In the upper left corner of the Figure 4.8 it is clearly seen that at the resonant 
frequency 3.663 GHz , the value of real part is 48.74 ohms which is actually the input resistance 
of patch array 1. The input impedance of the SMA connector is 50 ohms [54], so it can be 
concluded that the impedance matching between the antenna and the coaxial connector is 
reasonably good. 
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Figure 4.8   Input impedance of patch array antenna  1 obtained from test. 
 
Input impedance of patch array 2: 
Figure 4.9 also shows the smith chart which contains both the real and imaginary parts of input 
impedance of patch array 2. Again we are particularly interested to observe the value of real 
part (resistance) of input impedance of patch array 2 at the resonant frequency. In the upper 
left corner of the Figure 4.9 it is clearly seen that at the resonant frequency 3.458 GHz, the 
value of real part is  47.587 ohms which is actually the input resistance of patch array 2. As we 
already know that the  input impedance of the SMA connector is 50 ohms, so  it can be 
concluded that the impedance matching between the antenna and the coaxial connector is 
reasonably good. 
 

 
 

Figure 4.9   Input impedance of patch array antenna  2 obtained from test. 
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Test results: 
Input resistance of antenna 1 at  resonant frequency 3.663 GHz= 48.735 ohms 
 
Input resistance of antenna 2 at  resonant frequency 3.458 GHz= 47.587 ohms 
 
So for both the antennas the input resistance is very near to 50 ohms.  The dimensions of the 
MSLs (along with quarter wave length transformers) are slightly decreased from the values 
2mm, 4mm and 6mm respectively during the time of fabrication of the patch array layouts and 
this is one of the reasons for slight impedance mismatch between the SMA connector and 
micro strip patch array. 
 
It is very interesting to see in the Figure 4.9 how the input resistance changes with the change 
of frequency of applied signal to the patch array 2. It shows input  resistance increases with the 
increase of input signal frequency. 
 
 

 4.2.2.3 VSWR (Voltage Standing Wave Ratio) 
It determines how well an antenna is matched with the transmission line.  Value of 1.5 to 2 is 
acceptable for practical design. 
 
VSWR of patch array 1: 
The following Figure 4.10 clearly shows at the upper left corner, at the resonant frequency 
3.663 GHz of patch array 1, the measured VSWR is equal to 1.13.  In the same figure,  it is 
clearly seen indicated by marker that at the resonant frequency, the reflection of input signal 
from the interface of coaxial SMA connector and patch array 1 is minimum. 
 

 
 

Figure 4.10   VSWR of patch array antenna 1 obtained from test. 
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VSWR of patch array 2: 
Similarly Figure 4.11 clearly shows at the upper left corner,   at the resonant frequency 3.458 
GHz of patch array 2 the measured VSWR is equal to 1.15. According to the same Figure it is 
evident by the position of marker that at the resonant frequency, the reflection of input signal 
from the interface of coaxial SMA connector and patch array 2 is minimum. 
 

 
 

Figure 4.11   VSWR of patch array antenna 2 obtained by test. 
 

Test results: 
 
VSWR of antenna 1 at obtained resonant frequency : 1.135 
 
VSWR of antenna 2 at obtained resonant frequency : 1.157 
 
Both the values indicates  good impedance matching between the antenna and transmission 
lines. 
 
4.2.2.4. Gain 
 
Measurement of gain by estimating Free Space Path Loss : 
To calculate gain of patch array, first the free space path loss (FSPL) needed to be calculated by 
the following formula [51]:  
 

FSPL =  

                                                        =                                        (4.4) 
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In dB scale FSPL can be written as, [51]:  
  

FSPL (dB) = 10 log [ ] 

= 20 log (4πdf/c) 

                                      = 20 log (d) + 20 log (f) + 20 log (4π/c) 

                                                                        =  20 log (d) + 20 log (f)- 147.56                             (4.5)  

      
        
In typical radio communication application, the units in distance and frequency are normally 
considered in Km and MGz respectively and for this particular case the FSPL becomes [51], 
 

                                                    FSPL = 20 log (d) + 20 log (f) + 32.5                                      (4.6) 

              

         

Considering the separation between the antennas =  50cm meter and resonant frequency  = 3.5 
GHz, 
 

     FSPL = 20log(.0005)+20log(3500)+32.5 

                                                               = -66+70.88+32.5 

                                                               =37.38 dB 
 
The two fabricated patch arrays have been attached with the two ports (1 & 2) of the vector 
network analyzer  face to face 50 cm apart and S21  [9],  of patch array 1 was measured as 
shown below 

 
 

Figure 4.12   S21 parameter of  2 by 2 patch array  measured in test. 
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The equation (4.5) does not include any antenna gain. It considers unity gain transmitting and 
receiving antennas. In reality antennas have gains and this will reduce the FSPL as shown below 
[52], 

 
FSPL= 20log(d) + 20 log (f) + 32.5- Gt-Gr                                                                                           (4.7) 
        = 20log(d) + 20 log (f) + 32.5- 2G ( since  two identical patch arrays were used, so Gt=Gr=G) 
        = 37.38 -2G                                                                                                                                      
 
Practically FSPL reduced because of transmitting and receiving patch array gains and finally  by 
approximation it can be deduced, 
13.936 = 37.38 – 2G 
        2G = 37.38-13.936 
              = 23.44 
          G = 11.72 dB 
 
So the difference between the theoretical and measured value was 23.44 dB which indicated a 
11.72 dB gain per patch array antenna with reference to an isotropic (ideal) antenna. 
 

 

4.2.2.5  Radiation pattern  

The opposing slots (along the y axis of figure 4.1 ) of each patch are exited out of phase, but 
amazingly their radiation adds in phase normal to the surface provided broad side radiation. 
The radiation of two slots of each patch element exited by an input signal with the same phase 
is given by [2]   
 

                                                      E = K cos (πLeff/ λo × cos Φ )                             (4.8)   

 
where, 
 
E = Electric field of individual patch element 
K = Wave number [37] 
Leff = Effective length of patch  
λo = Free space wavelength  
Φ = The angle above ground plane in E plane,  this equation is valid for values of Φ between 0° 
and 180°. 
 
Since  effective length of patch element is given by [4],        
 

                                                             Leff= c/(2fo (εreff))                                                           (4.9) 
 

So putting this value to the above equation of electric field can be estimated by [2] 

                                                      E = K cos (π/( 2  (εreff)) × cos Φ )                         (4.10) 
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The array factor (AF) of the four identical patch elements separated by a distance Leff, along the 

y direction [4] 

                                           AF = 4 cos ( (koLeff/2) sinθ sinΦ )                       (4.11) 

 

Finally the total electric field of the four patch elements is given by [4] 

 

                            Et  =  E × AF   

                     Et = K cos (π/ (2 (εreff)) × cos Φ ) × 4 cos ((kLeff/2) sinθ sinΦ)     (4.12) 

 

Similarly  the H plane pattern of the rectangular microstrip patch elements is expressed by [2] 

                                                  

                                                  EH =  K tan θ   sin (πW/ λo × cos θ )                       (4.13) 

  
where,   
 
W = Width of single patch element 

 θ  = Angle above ground plane in the H plane   
  
The totol H plane pattern becomes [4] 
                      
                        (EH)t =  EH ×  AF       

                          =  K tan θ   sin (πW/ λo × cos θ ) ×  4 cos (( kLeff/2) sinθ sinΦ)     (4.14) 

 
The theoretical, simulated and practical  E and H plane patterns of micro strip patch array  
should follow the  mathematical relationships stated above. 
 

The following E fields  radiation pattern is obtained by simulation,  
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(a)                                                                                       (b) 

                                                                                                                                                                                                  

                                                  
                                       (c)                                                                                            (d) 
 
Figure 4.13   Radiation patterns of the 2 by 2 patch array obtained from simulation: (a), (d)  3D 

views and (b), (c)  2D views 
 

According to Figure  4.13 the radiation pattern is very close to the shape of a hemisphere (half 
circle) so based on simulation results the directivity of this 2 by 2 patch array  is  2 [32]. These 
simulation results also follow the typical  radiation pattern of patch array [4]. Some deviations 
in the pattern might occur due to the interactions among patch elements, micro strip lines and 
coax connector. 
 

According to (4.10), (4.12) and (4.13), (4.14) Electric field and Magnetic field of radiation 
pattern are proportional to      cos Φ (azimuth – xy plane angle) and  cos θ (elevation – zx plane 

angle). So smaller the values of angles Φ and θ, higher the radiation (gain) of the patch array. 

And these values become maximum at Φ = 0 (E field) and θ=0 (H field). 

 

Measurement of Electric and Magnetic field of patch array: 
For measurement of radiation pattern,  patch array 2 was connected to port 1 and was kept 
fixed at position 0°  and patch array 1 was similarly connected to port 2 of network analyzer  
but it was rotated clockwise and anticlockwise  up to 90° in electric field and magnetic field 
respectively.  
 

Electric field obtained from test: 

During the time of rotaton of patch array 1 in the electric field, the  corresponding values of S21 
were measured at positions 0°, 45°, 90°, -45° and -90°. Then a graph was drawn considering 
angle in the horizontal  direction and S21 in the vertical direction. The graph shown in Figure 
4.14 clearly indicates, radiation pattern of patch array 1 is similar to a half circle. 
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Figure 4.14: Electric field of fabricated patch array antenna 1 measured in test. 

 

Magnetic field obtained from test: 

During the time of rotaton of patch array 1 in the magnetic field, the  corresponding values of 
S21 were measured at  positions 0°, 45°, 90°, -45° and -90°. Then a graph was drawn considering 
angle in the horizontal  direction and S21 in the vertical direction. The graph shown in Figure 
4.15 clearly indicates, radiation pattern of patch array 1 follows the shape of a half circle. 
 

 

  

                     
 

Figure 4.15: Magnetic field of fabricated patch array antenna 1 measured in test. 
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The measured values of E fields at Φ = 0°, 45°, 90° both in clockwise and anticlockwise rotation 

followed the  equations stated earlier in this chapter, that is, maximum at 0° and then gradually 

decreasing towards 90° and -90°. Similar things happened for H field for different values of  θ 

from -90° to 90°. So it can be concluded that the patch arrays are behaving normally at least in 

normal room conditions (which has furnitures and other equipments) though we know it is not 

possible to determine the true radiation pattern without ideal test conditions like anechoic 

chambers.  
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Chapter 5 
 
 

Study of integration of planar micro strip patch array with amorphous 
silicon solar cells 
__________________________________________________________ 
 
 
5.1 Introduction 
In this chapter an important study will be made for a suitable and easy  integration of 
amorphous silicon solar cells and planar micro strip patch array.  It  is well known that 
integration of solar cells and microstrip patch on the same substrate reduces the required 
surface area, weight  and cost which make  it  very  important  especially for satellites where 
available surface area is limited. But it is  evident now that this type of combination is also 
important for  autonomous wireless communication systems for use in remote and isolated 
places where it is not possible to bring  power grid line  and this also leads to easy installation 
with reduced cost. The integration of solar cells into communication systems result in 
autonomous  communication system.  The growing demand for stand alone systems with 
wireless communication functions leads to the development of new products with a very high 
integration rate. In the case of environmental monitoring systems, vehicular communication 
systems or satellite systems a net-independent power supply is needed, which is commonly 
obtained by PV (PhotoVoltaic), a   technology  involved renewable energy and distinguished by 
reliability, longevity and eco-friendliness. Besides that antennas are also needed  to receive or 
transmit electromagnetic waves [44].  In any wireless communication system which has 
transmitters, receivers and other singal conditioning devices, printed that is planar micro strip 
patch antennas are the ideal part which can be  intengrated with solar cells  because both have 
planar structure and some similarities in appearance. Printed antennas, commonly used in 
microwave communications, are naturally suited for this combination, in particular when their 
radiating patches can be isolated from the feed circuits [39]. Amorphous silicon solar cell 
technology is  suitable for fabrication of the solar antennas [40].  
  
Nowadays in autonomous communication systems, generally  separate antenna and solar cells  
are used which  need a complicated compromise in the utilization of  limited surface area . 
Miniaturization is another major trend in different types of electrical and electronic product 
development engineering  at present time.  Considering all of these factors research  on patch 
array and its integration with solar cells   is very much needed and will play a significant role to 
the complete integration of the patch antenna with the solar panel where both the radiation 
patch and back plane will be completely replaced by the solar cell , which is the  major  research 
trend  at present around  the world.  
 
There are many types of solar cells in the market but the main advantage of using amorphous 
silicon (thin film) solar cell is that they have planar structure and can be cut easily to the 
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required size  and can be glued to the upper surface of the patch array without to much 
complexity.  
 
There are different types of antennas which can also be integrated with solar cells, but it is 
easier to combine with printed, that is , micro strip antennas which also have planar 
configuration. One of the reasons of popularity of micro strip antenna is that it can be simply 
printed on different types of PCBs (Printed Circuit Boards) according to requirements. Since 
requirements depend on application so finally application determines which type of micro strip 
patch array will be integrated with what type of solar cells. In appearance patch array has 
similarities with solar panels. In simple configuration both are planar, square or rectangular 
shaped and composed of   conductors though in one case thin conducting plane is used for 
useful radiation and reception of electromagnetic energy  and in the other case conducting 
strips are used for collection of DC current. 
 
One major difference in physical outlook is that radiating patches must be  placed with some 
predetermined gaps among them in a patch array  for faithful operation and solar cells can be 
placed side by side without any significant gaps in solar  panels. And amazingly this difference in 
some cases paved the way of easy integration between them as these gaps allows the open 
space needed for effective radiation and reception of electromagnetic waves by the patch 
array. 
 
Isolated and remote rural areas can be a good choice of using autonomous WiMAX 
communication systems. During sunshine this type of communication systems can work 
without the need of any external energy like a self sufficient system. But this system has one 
drawback, without sunshine it can not work at all, so battery back up system (with power 
conditioners) can be added to make it operational all the time.  In this arrangement solar cells 
not only provide power for antenna operation but also charge the battery with overcharge and 
overdischarge (of battery)  protection. 
 
It is imminent that all the conventional energy resources will be depleted in the future so 
renewable energies, such as, solar and wind energy specially  has no alternative and the major 
advantage of using these energies  is that they are environment friendly, which are very 
important to preserve earth’s natural environment and climate when green house effect has 
become a threat for our healthy existance in the future which originate mainly because of using 
too much  fossil fuels and refrigerating  gases. With that view in mind the autonomous 
communication system for WiMAX can also be used in the antenna  towers of mobile WiMAX in 
the cities. Though rich and industrious countries get rid of the power crisis for the present time 
with conventional and  nuclear power plants along with solar and wind energies, poor and 
under developed countries often face shortage of AC power generation which leads to frequent 
load shedding in each day. These countries can use this self sufficient WiMAX communication  
system without the headache of delivering extra power for running  it. After installation 
maintenance will be a major concern and since manpower is cheap and easily available in the 
poor countries so it can be concluded that proper maintenance will not be problem with 
trained manpower. 
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5.2 Thin film or amorphous silicon (Si:H) solar cell 
Thin film solar cell is a type of solar cell that is fabricated  by deposition of one or more thin 
layers of photovoltaic material on a substrate. Different kinds of photovoltaic materials are 
deposited with various methods on a variety of substrates. The thickness of different  layers 
used in thin film solar cell varies from nanometers to tens of micrometers. Normally these 
photovoltaic cells are named according to the photovoltaic material used. A thin film silicon cell  
utilizes amorphous (a-Si/a-Si:H), protocrystalline, nanocrystalline (nc-Si/nc-Si:H) or black silicon. 
During fabrication silicon is deposited on plastic, metal and glass etc. which are coated with 
transparent conducting oxide (TCO). Amorphous (thin film) solar cells give the best W/kg ratio 
due to their low weight. Moreover, they are inexpensive and some preliminary tests 
demonstrate that a-Si:H cells have a promising degree of hardness against cosmic radiation 
[41]. Amorphous silicon solar cell has lower energy conversion efficiency than wafer 
(crystalline) silicon but is less expensive to produce. It also has higher bandgap (1.7eV) than that 
of (1.1eV)  crystalline Silicon which results in stronger  absorption of the visible part of  solar  
spectrum than the infra red part of  solar spectrum [43]. All thess properties make it suitable for 
integration with micro strip patch array, 
 
5.3 Design considerations 
The combination of photovoltaic and antenna technology requires special methods because the 
requirements of photovoltaics are often in opposite to antenna requirements. For example, the 
resonance frequency of the solar planar antenna depends on the patch size. Therefore in RF 
frequency ranges the patch and respective patch array size is comparatively small  which limits  
the useful surface for the solar energy conversion. The previous investigation has shown that a 
combination is indeed possible practically  if all demands are considered sufficiently.  This leads 
to a new innovative product design process.  
 
Compared with  n-i-p structure, p-i-n structure of amorphous silicon is suitable for use in 
integration. This is due to the fact that the mobility of  electrons in amorphous silicon is three 
times higher than that  of holes. This results in higher collection rate  of electrons moving from 
p to n type silicon than holes moving through the same junctions [43].  For that reason in our 
design  p layer of the solar cell placed at the top where the light intensity is stronger, 
consequently the majority of the charge  carriers crossing the junction will be electrons in this 
case.  
 
The DC connection type and length used in the solar cells must be considered seriously. By 
means of a long  series connection of the solar cells, the harmful influence on the patch array 
properties may be avoided.The  integrated solar cell  and patch array antenna is normally 
manufactured with commonly used production methods for solar modules.  For that reason it is 
observed that some of the used materials degrade the antenna properties which should be 
minimized as much as possible [43]. 

 

Measurements have shown that from an RF point of view a solar cell with a backside 
homogeneous contact for DC current collection acts almost like a metallic plate [38]. Since the 
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solar cell has a DC circuit, the direct current path must be decoupled from the RF signal path in 
such a way that the DC load has no influence on the RF properties of the antenna. The 
decoupling can be done by  concentrated reactive elements and distributed elements, 
respectively.  Input signal to the antenna can be fed by  aperture coupled method because in  
that case  there will be no DC current on the RF line. 
 
For antenna applications the solar cell should be as lossless as possible.  RF point of view the 
solar cell acts nearly like a homogenous  metallic plate. For that reason comparative 
measurements of different solar cells and metallic plates of equal dimensions were performed . 
These results are very encouraging for the innovative design of planar antennas with 
photovoltaic solar cells  [46]. Independent of the RF circuit configuration , the solar cells can be 
attached in series or parallel connection and combinations of both as usual. By the use of multi-
layer printed circuit board technology very compact and flat antenna arrays are possible. By 
delicate  layer construction, specific networks for the isolation of RF and DC current can also be 
done practically. 
 
When used with solar cells, because of exposure to sun light the temperature of the patch 
arrays will be much higher than the the temperature in which it normally operates so steps  
must be taken to compensate this higher temperature to get normal antenna performance. 
 
Since solar cells or panels need a tilt angle [53] (inclination with earth’s surface) to have 
adaquet sun shine on their upper surface so patch arrays will also have the same tilt angle with 
respect to the ground, because they share the same surface area. So polarization have to be 
adjusted accordingly to get optimal performance of the patch array. 
 
5.4 Integration of patch array with amorphous silicon solar cells 
We have considered various types of  patch array configurations (designs) for simulation. That 
was done not only to simulate and optimize one design for WiMAX application but also to have 
an idea that which configuration of array can provide an easy way of  integration with thin film 
solar cells and facilitate the use of maximum surface area. One micro strip patch can be 
integrated with one solar cell but its power handling capability will be lower. We are interested 
with more power output  of both patch array and solar cells. 4 by 1 might be a good choice but 
it will much longer compared with width. In this arrangement  thin film solar cells will need to 
be cut in smaller pieces which lead to more small conducting strips to collect the DC current 
generated by solar cells as shown in Figure 5.1, consequently system loss might be increased 
along with overhead cost compared with the dimension and power output of the integrated 
system. Our one objective is to reduce the overall product cost so it seems that 4 by 1, 6 by 1, 8 
by 1 and higher are  not a suitable configuration for moderate to reasonably high power 
application. Regarding this 2 by 2 4 by 2, 6 by 2, 8 by 2 etc. seems to suitable configuration. 
Inegration of several solar cells with a 4 by 2 patch array is shown in figure 5.2. Array 
configurations 4 by 4, 6 by 6 and 8 by 8 etc. need delicate design of grid conductors to collect 
the DC currents generated by them which lead to increased fabrication cost and complexity of 
installation and more system loss.  
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Figure 5.1   Integration of seven thin film (amorphous silicon) solar cells with a 4 by 1 planar 

micro strip patch array (top view). 
 

 
 

 
 
 

Figure 5.2   Integration of eight thin film (amorphous silicon) solar cells with a 4 by 1 planar 
micro strip patch array (top view). 
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Figure 5.3   Integration of eight thin film (amorphous silicon) solar cells with a 4 by 2 planar 
micro strip patch array (top view). 

 
 

 
 

Figure 5.4   Integrated amorphous silicon solar cells and patch array (side view). 
 
 
 

Micro strip patch array printed on  multilayered substrates can be acted as the candidate 
antenna for the integration  with the thin film solar cells. This concept  allows solar cells to be 
attached or glued on the upper structure of solar cells as thin additional layers or stacked 
patches.  
 
For using polymide layer between the the solar cells and patch elements, the thin film solar cell 
can be  modelled as zero-thickness patches which further simplify the design methods [41]. This 
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seems logical since the  thickness (5 um) of thin film solar cell  is  smaller than the usual copper 
thickness of patches (10–30um).  
 
5.4.1 Complete integration of patch array and solar cells. 
In complete integration the electrically conductive back contact of the solar cell is used 
simultaneously as antenna for radiation and reception of electromagnetic energy and to the 
production of DC current. Planar microstriop patch antenna technology with electromagnetic 
coupling is used generally in designing a fully integrated solar antenna. The cell spacing of the 
solar cell array amazingly provides the  radiating  slots.  In another technique both the patch 
array ground plane and radiating patches can be  replaced completely by polycrystalline silicon 
solar cells  to get fully integrated patch array  and solar cells in a single  compact device [38]. 
 
In this type of integration patch array gain mainly depend on the orientation of the Ag (silver) 
lines of the solar cells with respect to the patch array. The Ag lines can be oriented either in 
parallel or in perpendicular with the polarization axis of the radiated/recepted field. It is 
observed that when the Ag lines are in parallel with the electric field then all the lines act as a 
good reflector which results in -minimul penetation of electromagnetic fields into lossy silicon 
and due to this antenna performance becomes closer to patch array with copper ground plane. 
On the other hand when the Ag lines aligned perpendicularly with the electric field then 
penetration of electromagnetic fields to silicon increases a lot and this degrades the 
performance of the  microstrip patch array [38]. So in essence it can be concluded that the 
alignment of Ag lines of solar cells with the electric field of patch array is very important for the 
faithful operation of the fully integrated patch array and solar cells. 
 
To carry out both the antenna and solar photovoltaic functions properly, accurate DC-RF 
coupling is necessary in this case and because of using  non ideal patch materials higher losses 
are naturally occurred compared to copper patches . Attempt  should be made to keep these 
losses as low as possible [46]. 

 
The DC and RF funictions are closely related due to using the silver DC bus bars of the solar cells 
as the ground plane of the microstrip patch array. The effect of solar integration, DC loading 
and variation of incident photon intensity in the silicon layer on solar should considered 
carefully in the design of the fully integrated solar patch array antenna  [47]. 
 
5.5 Conclusion 
 A  concise study is made in this chapter  to find a suitable  way to attach the thin film solar cells 
on the upper surface of the patches and surrounding areas without sacrificing the overall 
satisfactory performance of the antenna and the solar panels. Some suggestions are also put  
regarding the full integration of the antenna with the silicon solar panels where the radiation 
patches and the back plane both will be completely  replaced by the solar panel, which is the 
current research trend around the world. The effective  integration of antenna and solar cells 
belongs to a complete master research work including simulation and fabrication which is 
beyond the scope of our present work. In further research work based on this study  computer 
simulations will enable  to study the case with partial or total overlapping of the solar cells and 
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radiating patches and will also provide design guidelines for the identifications of the antenna 
regions which cannot be covered by cells [41]. Different  prototypes can be  designed for  
simulation to have a clear idea about the correct positioning of solar cells with respect to the 
patch elements and based on simulation results one design can be selected for fabrication and 
testing. In the simulation the characteristics of the solar cell are not respected. They are 
modeled as patches of perfect electric conductor (PEC). Work is in progress to improve the 
accuracy of the computer simulation, in particular through a better estimation of the complex 
permittivity of a-Si:H solar cells at microwave frequencies [41]. 
 
So this research study, which is merely  vital information gathering and case study on the 
integration of patch array and thin film solar cells,  will provide a  good base for  advanced 
research work in the development of autonomous wireless communication systems in the 
future.   
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Appendix 
 

Pictures of the two fabricated planar patch array antennas: 
 

 
 

Picture 1 : Front side of the two fabricated ‘Patch Array Antennas’ infront of  the Vector 
Network Analyzer. 

 

 
 

Picture 2 : Back side of the two fabricated ‘Patch Array Antennas’ with coaxial SMA connectors. 
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