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to their attractive features of being low profile, compact size, light weight, and amenable to low-cost PCB 

fabrication processes [2-3]. However, the inherent limited bandwidth of the microstrip patch antennas is a 

major deficit in those planar antennas that impedes their usage in relatively wide-band applications 

regardless of their attractive features [2-4]. Moreover, microstrip phased arrays suffer also from limited 

scan range due to the existence of surface waves [5-9].  

1.1.1 Microstrip Patch Antennas: Design Challenges 

1.1.1.1 Limited Bandwidth 

Microstrip patch elements are basically resonating at a single frequency, typically have less than 2% 

bandwidth [2-4], which is a major drawback in their utilization. Generally, the patch’s limited bandwidth 

could be enhanced by either introducing a cavity to back the patch [10-15], or by suspending the patch 

substrate [16-19].  

Cavity-backed patches exhibit superior performance rather than the suspended substrate structures 

due to their salient features of surface wave suppression, isolation from the surrounding, reduced coupling 

in an array configuration, better matching and wider scan performance in infinite arrays [12]. However, 

the conventional cavity-backed patches are usually expensive to manufacture as they require metal 

casting or CNC machining of the cavity layer.  

Recently, SIW technology was elegantly suggested as an alternative technique to facilitate the low-

cost implementation of waveguide-like components using a standard PCB technology [20-21]. In 

principle, the waveguide metal walls could be emulated using via-holes that are properly spaced at 

approximately λg/10 [22], which is similar to previously suggested laminated [23] and post-wall 

waveguides [24]. Several waveguide-like components were successfully attained using this low-cost SIW 

fabrication techniques, for example waveguide dividers, directional couplers, waveguide filters, and 

circulators [25]. SIW has also been successfully used for implementing slotted array antennas [24, 26-28].  

Utilization of SIW technology should help in reducing the cost of realizing the cavity-backed 

antennas.  In this dissertation, we extend the use of the SIW cavities to back microstrip patches instead of 

the conventional metalized ones. The proposed topology is easy to fabricate and should lead to a 

significant cost reduction.   

1.1.1.2 Limited Scan-Range 

Generally, the scan blindness phenomenon is likely to appear in planar, cylindrical, or spherical 

arrays whenever there is a chance of surface wave propagation [29]. In that perspective, the scan-

blindness problem is serious in microstrip phased arrays as the surface waves inherently exist in that 

planar open structure. 
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In this dissertation, we examine the potential of impeding the surface waves in the microstrip phased 

arrays by adding SIW cavities to back the radiating patches targeting to resolve both the limited scan 

range and bandwidth problems while maintaining low cost of fabrication. 

1.1.2 Application I: Mobile DBS Antenna Arrays 

Satellite-communication on the move (SOTM) requirements have put stringent constrains on the 

radiator occupied space and performance. The antenna is required to be mountable on vans and RVs and 

should have low profile. Moreover, the antenna is required to be capable of acquiring and tracking a fixed 

(GEO) satellite while vehicles are stationary or in motion. Meanwhile, the antenna is required to be 

relatively wideband covering 12.2-12.7 GHz frequency range for the ITU Region 2 (North and South 

America). On the other hand, from the fabrication point of view it is highly desirable to have a low cost 

design with a maximum use of automatic assembly. Typical required specification for mobile DBS in 

USA are given in Table ‎1.1, explaining the difficulties/challenges in developing such a product [1].   

 

 

Many designs have been proposed till now addressing the current need for this low-cost, low-profile, 

and highly efficient DBS antenna [14, 18, 28, 30-36]. The proposed antenna topology varies generally 

between slotted waveguide antenna arrays [28, 30-33, 36] to microstrip patch arrays [14, 18, 35]. A 

common feature, however, of almost all the proposed solutions is the use of waveguide feed networks for 

the antenna array to minimize the feed network losses and thus attaining a better antenna.  

For example, S. Yang [37] developed a slotted array antenna. It is a low profile substrate integrated 

waveguide (SIW) array, made of 32 waveguides with 13 slots each as shown in Figure ‎1.1 . Yang’s 

antenna array efficiently employs a multi-layer printed circuit board technology. The introduction of 

multi-layer structures has led to considerable size reduction of the overall height of the mobile antenna to 

Table ‎1.1 Specifications of mobile DBS in USA  

Antenna Gain > 32 dB 

Antenna Physical Area approx. 240 in² @ 12.45GHz 

G/T >12 dB/K 

Azimuth Coverage φ=360º 

Elevation Coverage 20º<θ<70º from Horizon 

Dual Circular Polarization 

Low Profile for SUV/VAN/RV for Customers’ Satisfaction 

                              *Assuming 60% efficiency (after S. Yang et. al. [1]) 
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about 3’’ and has rendered a quite low profile structure suitable for mobile DBS reception. The radiating 

cross-slot elements were etched on the metalized top surface, while a low loss feed structure comprised of 

SIW elements was similarly printed using the bottom substrate. The top and bottom layers were coupled 

through transverse slots cut at the interface of the two layers. Meanwhile, the inherent tilted beam of the 

leaky wave antenna considerably reduced the mechanical steering requirements. Unfortunately, such an 

antenna could receive only one circularly polarized signal; either LHCP or RHCP one at a time.  

Recently Gatti et. al. [36] has also developed a slotted waveguide antenna. But, it is a bidirectional 

high-performance Ku-band flat antenna for mobile terminals and could be placed on the roof of a double 

deck train. The developed antenna is based on slotted waveguide structure as shown in Figure ‎1.2. The 

proof-of-concept antenna is conceived by a dielectric-filled slotted waveguide array made of 32 

waveguides with 10 slots each, and it is realized in aluminum. Unluckily, this antenna also doesn’t 

support dual-polarization.  

On the other hand, Wang, et. al. presented in [30] a vehicle-mounted satellite antenna for receiving 

satellite TV while the vehicle is in the move. Their developed antenna is based on a slotted ridged 

waveguide planar structure. The ridge guide is used to significantly reduce the size of the antenna. 

 

 

 

Figure ‎1.2 Slotted waveguide array for double deck trains developed by Gatti, et. al [36].  

 

Figure ‎1.1 Cross-slotted substrate integrated waveguide antenna proposed by S. Yang, et. al. [37].  
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The antenna consists of 32 waveguides as shown in Figure ‎1.3, with both right-hand circular, RHCP, and 

left-hand circular polarization, LHCP, output from the opposite ends of the antenna. However, no details 

were given beyond the presented sketches. 

Meanwhile, microstrip patch arrays having a broadside beam were also proposed as potential DBS 

receiving antennas either with suspended substrate [18, 35], or with cavity-backed patches [14] to 

enhance the inherent limited bandwidth of the microstrip patches.  

For instance, a low-cost quasi-planar Ku-band array of circularly polarized (single polarization) patch 

antennas on suspended substrate, and benefiting from a low-loss waveguide feed network has been 

demonstrated by Shahabadi, et. al [18]. The proposed antenna consists of 32 suspended patch elements 

arranged in a 2-by-16 elements configuration as shown in Figure ‎1.4. Waveguide feed network was also 

used to minimize the feed losses and thus the overall noise temperature at a minimum. The maximum 

gain of one panel is 23 dBi corresponding to 63% aperture efficiency. However, the structure is relatively 

complicated in assembly because of the suspended topology. Later, the authors replaced the metalized 

waveguide feed by an SIW feed in [35].   

Alternatively patch antennas were used by Yang et al [14], as well for DBS, but in this case the 

patches were cavity-backed. A 4x16 cavity-backed patch array shown in Figure ‎1.5 was proposed and a 

split-aperture approach was used to achieve the required gain for DBS application while maintaining a 

low profile. Metalized waveguide feed was again used to lower the feed losses; however single linear 

polarization has been only demonstrated. Use of a metalized feed guide hindered further development 

even though it could be easily extended to dual polarization. Meanwhile, the feed thru interconnects using 

pins to go from the waveguide feed network through the cavity layer to the air and then through the 

suspended substrate required lots of assembly time and was considered impractical. Further developments 

of this concept were stopped at this point.  

 

 

 

Figure ‎1.3 Cross-slotted ridged waveguide array developed by Wang, et. al [30]. 
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Obviously, the fabrication of cavity-backed patches is generally expensive, as it would require the 

integration of metal cavities in the back, necessitating two fabrication processes. The first is the 

conventional PCB process to print the microstrip patch layer and the second is probably a CNC 

machining or metal casting process to fabricate the waveguide metalized cavities. The previously 

prescribed fabrication scenario potentially increases the total fabrication cost and complicates the 

structure assemblage.   

Nevertheless, cavity-backed patches generally exhibit as mentioned before superior performance 

rather than the suspended substrate structures due to their salient features of surface wave suppression, 

isolation from the surrounding, reduced coupling in an array configuration, better matching, wider scan 

performance in infinite arrays, and reduced backward radiation. Therefore, it will be utilized in our 

subsequent study in developing dual-polarized arrays that could be suitable for DBS applications. 

 

 

 

 

 

Figure ‎1.5 Cavity-backed patch array developed by Yang, et. al [14]. 

 

Figure ‎1.4 Circularly polarized microstrip array developed by Shahdabi, et. al [18]. 
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Table ‎1.2 compares the different DBS antenna that have been developed summarizing the features of 

each one and stressing the advantages and disadvantages of each structure. 

 

 

 

Table ‎1.2 Comparison between the previously developed DBS antennas 

 Yang Gatti Wang Shahabadi Yang 

Radiating 

Structure 

Slotted Waveguide 

Array 

Slotted Waveguide 

Array 

Slotted Ridged 

Waveguide Array 

Suspended Patch 

Array 

Suspended Cavity-

Backed Patch 

Array 

Polarization LHCP/RHCP HP/VP LHCP/RHCP RHCP HP 

Feed SIW Feed SIW Feed Waveguide Waveguide Waveguide 

Gain 
26.52/26.17 dBi 

(12.45 GHz) 

31.8 dBi  

(11.575 GHz) 

28-32 dBi 

(12.2-12.7 GHz) 

23 dBi 

(12.45 GHz) 

26.5 dBi 

(12.45 GHz)  

Technology SIW SIW Waveguide Waveguide Waveguide 

Number of layers Two Two  One  Three Three 

Advantages Low Profile High Gain Dual Polarization Good Axial Ratio High Efficiency 

Drawbacks Single Polarization 
Thick Profile, 

Single Polarization 

Thick Profile,  

Low Efficiency  

Single 

Polarization,  

Complicated 

Assembly 

Single Polarization 
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Meanwhile, in summary a comparison between the two basic topologies commonly used for DBS 

namely; i.e. the slotted waveguide arrays and the microstrip arrays is given in Table ‎1.3. Clearly each 

topology has its own advantages and disadvantages. However, the most critical issue here is the dual-

polarization feature which is inevitable for DBS reception in USA. Despite that the slotted waveguide 

array will render lower profile assuming tilted beam, but it will only acquire single polarization one at a 

time, unless more complex structures are used like side-by-side ridge guides [30], however that will come 

on the cost of relatively lower efficiency. That is why the microstrip arrays of broadside beam are more 

favorable here as they are much easier to fabricate, and can potentially conceive simultaneous dual 

polarization. 

 

Table ‎1.3 Slotted waveguide arrays vs. the microstrip patch arrays 

 

 
Slotted waveguide array Microstrip patch array 

Mounting position Flat Inclined at 45 degrees 

Required area 
Reduced gain by the cosine of 

the beam squint angle 

The beam is always 

broadside 

Beam squint 
Serious problem and should be 

accounted for 
No beam squint 

Profile Low Larger 

SIW implementation Two layers Three layers 

Polarization Single polarization; one at a time Simultaneous operation 
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Based on this decision, the design concerns of the microstrip arrays need to be addressed. First and 

foremost issue with microstrip designs is their inherent limited bandwidth. As mentioned before, 

suspended and cavity-backed designs are the common remedies in that perspective. However, despite of 

the design simplicity of suspended designs its assemblage is usually more complicated. On the other hand 

cavity-backed designs require multi hybrid fabrication steps to attain both the printed radiating elements 

and the backing metalized cavities. Therefore we believe that a need exists for a low-cost approach to 

realize the cavity-backed structures facilitating their utilization in high performance large arrays for both 

fixed and steered beams applications. The proposed work is geared towards filling that need. In this 

dissertation, we report on an effective approach to build such low-profile low-cost satellite receiver on the 

move antenna designed especially for RVs or Mini-Vans utilizing the substrate integrated waveguide 

technology. This approach potentially should lower the cost of implementation as the whole antenna 

would be amenable to low-cost printed circuit board (PCB) processes. 

 

1.1.3 Application II: Scan Blindness Elimination in Microstrip Phased Arrays 

Alongside the DBS antenna application of the cavity-backed microstrip patches discussed in section 

1.1.2, we will investigate the use of the SIW cavities instead of metalized cavities in phased arrays of 

cavity-backed patches.  

As pointed out before, the scan-blindness in phased arrays is the serious problem of having most of 

the electromagnetic energy reflected back to the feed source at certain scan angle\s [29]. That scan-

blindness problem is very serious in microstrip phased arrays. In fact, the scan blindness severely appears 

in the relatively thick substrate arrays where the surface waves have more pronounced effects [6, 8]. 

Using relatively thick substrates however, is needed to increase the fractional bandwidth of the phased 

array in order to meet the required specifications for certain applications. Therefore, there is always a 

trade-off between the required impedance bandwidth and scan range in such microstrip phased arrays.  

Multiple techniques have been proposed in that perspective in order to eliminate the scan blindness 

and maintain both wide impedance bandwidth and wide scan range in microstrip phased arrays. The 

proposed techniques range from substrate modifications [38], using electromagnetic bandgap (EBG) or 

periodic bandgap (PBG) structures [39-42], employing shorting posts [43-44], using defected ground 

structures (DGS) [45-46], to adding cavities underneath the radiating elements [10, 47].  

Davidovitz, for example, reported in [38] that improved E-plane scanning performance could be 

achieved upon using arrays that are built on inhomogeneous substrates, as shown in Figure ‎1.6. Two types 

of arrays have been reported. In the first type, the individual strip elements are supported by dielectric 

slabs of finite extent, as shown in Figure ‎1.6(a). In the other type, metallic baffles of substrate-height and 
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finite width are used to isolate the array elements, as shown in Figure ‎1.6(b). The first type was 

demonstrated on relatively high dielectric constant substrate of εr=12.5 and thickness h=0.06λ0.The 

method was successful in increasing the E-plane scan range from about 24º to 43º. On the other hand, the 

second type was demonstrated on a relatively low dielectric constant substrate εr=2.5 and thickness 

h=0.1λ0, and was successful in increasing the E-plane scan range from about 36º to 57º. Although using 

substrate modification or baffles has proven useful in obstructing the surface waves, it is usually 

unrealistic to attain due to the fabrication complexities.  

Recently, several researchers have proven the EBG/PBG as an efficient method of surface wave 

suppression [39-42]. Fu. et. al. in [40], for example, have shown that the (EBG) material, shown in Figure 

‎1.7, could be utilized in the design of phased arrays of rectangular microstrip patches. The EBGs have 

been used to surround the radiating elements leading to surface-wave suppression and, therefore, the scan 

blindness was eliminated. They have numerically demonstrated the topology assuming high dielectric 

constant substrate of r=10.2 and thickness h=0.06λ0, and have shown that the E-plane scan range could 

be enhanced from 30º to 43º upon using the EBG.  

 

 

                                                                                             
(a)                                                          (b) 

Figure ‎1.6 Scan blindness elimination by substrate modification developed by Davidovitz [38]. 



11 

Iluz, et. al. in [42] investigated also the performance of a microstrip antenna phased array embedded 

in an electromagnetic bandgap substrate. Their results have demonstrated that surrounding the radiating 

elements by EBGs, shown in Figure ‎1.8, could reduce the mutual coupling between elements providing a 

possible solution to the ―blind spots‖ problem in phased array applications with printed elements. They 

have experimentally validated the method by building 5x7 array on a high dielectric constant substrate of 

r=10.2 and thickness h=0.058λ0 with and without the EBG. Their measured active gain patterns have 

shown clearly that the scan blindness existed at 30º in the microstrip case has been eliminated upon using 

the EBG.  

 

 

                                                                                              

Figure ‎1.8 Scan blindness elimination by EBG developed by Illuz, et. al [42]. 

                                                                                              

Figure ‎1.7 Scan blindness elimination by EBG developed by Fu, et. al [40]. 
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Despite the attractive features of the EBG as an effective surface wave suppression method, it needs 

significant space on the radiating aperture in order to be integrated around the radiating elements. That is 

why it works well mostly for relatively high dielectric constant substrates as the miniaturization effect of 

the substrate is needed in order to stagger both the EBG/PBG and the radiating elements on the substrate 

(given the space constraints of the unit cell which is typically 0.5λ0 in order to avoid the grating lobes). 

However, using high dielectric constant substrate (e.g. εr =10.2 as in [40, 42]) will seriously limit the 

bandwidth of the phased array. 

Defected ground structures have also received a considerable attention as a frequency selective 

surfaces that could be used to absorb the surface waves at certain frequency in the context of scan 

blindness free phased arrays [45-46]. Hou, et. al. reported in [45] that using the compact H-shaped DGS, 

shown in Figure ‎1.9, the mutual coupling could be reduced between the array elements. That mutual 

coupling reduction could potentially eliminate the scan blindness in microstrip phased arrays. In their 

developed array design, the proposed DGS has been inserted between the adjacent E-plane coupled 

elements to suppress the pronounced surface waves in the E-Plane. They have experimentally validated 

the potential of the method by measuring the inter-element mutual coupling of two-element array; where 

the results have shown that a reduction in mutual coupling of 12 dB could be obtained at the operating 

frequency of the array. The scan properties of the microstrip phased arrays with and without DGS have 

been numerically demonstrated. Their analysis indicated that the scan blindness of the microstrip phased 

array built on high dielectric constant substrate of r=10.2 and thickness h=0.054λ0 can be significantly 

eliminated and the E-plane scan range could be enhanced from 40º to 50º. 

 

 

 

                                                                                              

Figure ‎1.9 Scan blindness elimination by DGS developed by Hou, et. al [45]. 
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However, DGS also have the same space issue of the EBG and it would work mostly for high 

dielectric constant substrates as the miniaturization effect of the substrate is again needed in order to 

stagger both the DGS and the radiating elements. Moreover, using DGS will imply also undesired 

backward radiation. 

Meanwhile, using cavities to back the radiating elements, as shown in Figure ‎1.10, has been 

theoretically investigated in [47], and has shown a great potential in eliminating the scan blindness. The 

utilization of cavities on relatively thick substrates efficiently suppresses the surface waves securing both 

wide scan performance and wide bandwidth of operation. Zavosh, et. al theoretically demonstrated in [47] 

that using a low dielectric substrate of εr=2.5 and thickness h=0.08λ0 , a scan range of 85º in the E-plane 

could be realized with the cavity-backed topology compared to only 48º without the cavity (i.e microstrip 

case) — a quite an improvement. 

However, we face again the realization problem of cavity-backed structures which would typically 

require a two-step fabrication process; one is the conventional PCB process to print the planar radiating 

elements and the other is most likely a CNC machining or metal casting processing in order to fabricate 

the waveguide metalized cavities. That is why not much of experimental results have been reported in the 

literature about cavity-backed phased arrays. The proposed SIW cavity-backed topology offers a great 

potential in that perspective. 

Table ‎1.4 summarizes the characteristics and performance of the different phased arrays. Despite that 

the different techniques have been applied to different substrates of different dielectric constant and 

thicknesses, we can conclude that the EBG or DGS utilization would likely be possible with relatively 

high dielectric constant substrates; however that would come at the cost of the bandwidth. On the other 

hand using substrate modification (baffles) or the cavity-backed techniques on low dielectric constant 

substrates can secure both wide scan range and wide bandwidth.  

In our investigation, we have adopted the use of cavity-backed patches and instead of using metalized 

cavities like [47], we will use SIW cavities demonstrating similar effects, i.e. its salient features of surface 

wave suppression, thus eliminating the scan blindness. Implementing SIW instead of solid cavity metal 

walls has the potential of reducing the weight and lowering the cost. 
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Figure ‎1.10 Scan blindness elimination by cavity-backing developed by Zavosh, et. al [47]. 
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1.2 Specific Aims 

In this dissertation, the SIW cavity-backed patch antennas will be investigated as a low cost 

implementation means to develop dual polarized DBS and phased array antennas at Ku-band frequency 

range. SIW technology will be utilized as a low-cost alternative technology to realize our DBS and 

phased array antenna implementations. The great potential of the proposed technology lies in being 

amenable to the conventional PCB fabrication, which will reflect on a significant cost reduction of the 

reception system.  

Specifically, the specific aims of the present research include the following: 

1) Investigate the SIW cavity-backed topology as an alternative low-cost approach for dual 

polarized DBS implementation. 

2) Develop a design methodology for large array of cavity-backed patches and its SIW 

implementation. 

3) Study the performance limits of using a microstrip feed network for the DBS antennas. 

4) Design and implement dual polarized DBS antennas with waveguide feeds. 

5) Investigate SIW technology challenges for stacking more than two layers. 

6) Extend the use of SIW technology to fabricate single layer low-cost phased array antennas. 

7) Study the probe-fed cavity-backed phased arrays based on a full 2D EM analysis.  

8) Carry out a thorough study of probe-fed cavity-backed phased arrays using commercial EM tools.  

Table ‎1.4 Characteristic and performance of the different phased arrays 
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1.3 Outline of the Dissertation 

The dissertation is divided into two main parts. The first part (Chapter 2 to Chapter 5) deals with low-

cost development of a mobile DBS antenna and the second part (Chapter 6 and Chapter 7) targets the 

development of wide-band wide-scan planar phased array antenna. Both parts, however, are based on 

substrate-integrated waveguide technology (SIW) to realize cavity-backed patch arrays. Our 

investigations will gear towards Ku-band frequency range but it could be easily extended to other bands. 

Chapter 2 investigates alternative set of probe-fed cavity-backed patch antenna topologies. The 

presented topologies have the potential to widen the inherent limited bandwidth of the conventional 

microstrip patches from typically 2% to about 15% depending on the height of the backing cavity. The 

backing cavity acts also effectively to suppress the unwanted surface waves exhibiting superior gain 

performance of the patch antenna. In the chapter, we will also discuss SIW technology and its 

implementation in developing cavity-backed patches with a low fabrication cost. Four different structures 

are investigated corresponding to the different combinations of rectangular or circular patches backed by 

rectangular or circular SIW cavities. A through comparative study between the four different topologies is 

presented demonstrating the attractive characteristics of each topology as far as gain, bandwidth, cross-

polarization level, and mutual coupling.  

Chapter 3 extends the usage of substrate-integrated waveguide (SIW) technology as an alternative 

low-cost bandwidth enhancement approach in fabricating SIW cavity-backed patch arrays of microstrip 

feed. The proposed antenna arrays combine the attractive features of the conventional metalized cavity-

backed patch arrays like surface wave suppression, high radiation efficiency, and enhanced bandwidth, 

yet with a low manufacturing cost. A 2x2 SIW cavity-backed sub-array is developed and is used as a 

basic building block to attain larger arrays of 2x4, 4x4, and 8x8 elements. The design and performance of 

these arrays are compared to other conventional bandwidth enhancement techniques, which prove SIW as 

a viable alternative. 

Chapter 4 investigates the potential of replacing the conventional microstrip feed used in Chapter 3 by 

substrate integrated waveguide feed. Three different sized arrays are analyzed and experimentally tested; 

of 4x4, 4x8 and 4x16 elements. Performance of the arrays is demonstrated and is compared to the 

corresponding microstrip-fed arrays. 

Chapter 5 extends the use of the SIW feed to attain a dual-polarized array suitable for DBS 

applications. The array is composed of 4x17 elements divided into eight sub-arrays. Each patch is dual-

fed by horizontal and vertical microstrip lines. Staggered microstrip dividers are employed to distribute 

the microwave energy of the two polarizations on the sub-array level while twin SIW 1-8 dividers are 
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Appendix A: Transmission Line Analysis of the 2-D Phased 

Arrays  

In this appendix, the details of the transmission line analysis briefly described in Chapter 6 are given 

here.  

A.1 Probe-Fed Microstrip Patch Phased Array 

For the probe-fed patch phased array, the equivalent transmission line of the feed problem is shown  

again in Figure A.1, where 
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1 1 2 2

jkx jkxv e v e v v                         

2. 
1 2 0( ') ( ')I x I x I   

Which gives 

' '

1 1 2 2 0 1

jkx jkxv e v e v v I Z          

 

3. 
1 2(0) ( ) jV V d e    

Which gives 

 ( ') ( ')

1 1 2 2

jk d x jk d x jv v v e v e e            

4. 
1 2(0) ( ) jI I d e    

Which gives 

 ( ') ( ')

1 1 2 2

jk d x jk d x jv v v e v e e           
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The system of equations could be put in a matrix form as  

Ax b  

' '

' '

[ ( ') ] [ ( ') ]

[ ( ') ] [ ( ') ]

1 1

1 1

1 1

1 1

jkx jkx

jkx jkx

j k d x j k d x

j k d x j k d x

e e

e e
A

e e

e e

 

 





    

    

  
 

  
  
    

 

 

And 

1

1

2

2

v

v
x

v

v









 
 
 
 
  
 

,         
0 1

0

0

0

I Z
b

 
 
 
 
  
 

 

Which could be solved to find 
1v 

, 
1v 

, 
2v 

, and  
2v 

 and so the currents 1I  and 2I  

Resulting in  

( ') ( ')

0

( ') ( ')

0

, '
2

( )

,0 '
2

j jk x x jk d x x

j jkd j jkd

jk d x x j jk x x

j jkd j jkd

I e e
x x d

e e e e
I x

I e e
x x

e e e e



 



 

     

  

    

  

  
    

   
 

 
      

 

 

 

 

Similar to the expression in [5]. 

 

 

 

 

 

 

 

 

 

Figure ‎A.1 Transmission line model of the feed problem of the probe-fed patch phased array.  



194 

A.2 Probe-Fed Cavity-Backed Patch Phased Array 

Similarly, the cavity-backed phased array could be analyzed. The equivalent transmission line in this 

case consists of four sections as shown in Figure ‎A.2 

Again the voltages and currents could be written in terms of the incident and reflection voltage 

coefficients 

0 0

0 0

1 1 1

1 1
1

1 1

( ) ( )

2 2 2

( ) ( )2 2
2

2 2

( ') ( ')

3 3 3

( ') ( ')3 3
3

2 2

4 4

( )

( )

( )

( )

( )

( )

( )

jkx jkx

jkx jkx

jk x x jk x x

jk x x jk x x

jk x x jk x x

jk x x jk x x

V x v e v e

v v
I x e e

Z Z

V x v e v e

v v
I x e e

Z Z

V x v e v e

v v
I x e e

Z Z

V x v e

   

 
 

    

 
   

     

 
   



 

 

 

 

 

 


( ) ( )

4

( ) ( )4 4
4

1 1

( )

c c

c c

jk x x jk x x

jk x x jk x x

v e

v v
I x e e

Z Z

   

 
   



 

 

Then applying the following boundary conditions:- 

1. 
1 0 2 0( ) ( )V x V x   

2. 
1 0 2 0( ) ( )I x I x  

3. 
2 3( ') ( ')V x V x   

4. 
2 3 0( ') ( ')I x I x I   

5. 
3 4( ) ( )c cV x V x   

6. 
3 4( ) ( )c cI x I x  

7. 
1 4(0) ( ) jV V d e    

8. 
1 4(0) ( ) jI I d e    

The resultant system of equations could be put in a matrix form as  

Ax b  

Where  
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1 2 1 2

( ' ) ( ' )

( ' ) ( ' )

( ') ( ')

( ') ( ')

2 1 2 1

[ ( ) ] [ (

1 1 0 0 0 0

/ / 0 0 0 0

0 0 1 1 0 0

0 0 1 1 0 0

0 0 0 0 1 1

0 0 0 0 / /

1 1 0 0 0 0

o o

o o

o o

o o

c c

c c

c

jkx jkx

jkx jkx

jk x x jk x x

jk x x jk x x

jk x x jk x x

jk x x jk x x

j k d x j k d

e e

e e Z Z Z Z

e e

e e
A

e e

e e Z Z Z Z

e e






  

  

  

  

  

 

 

 

 


 

 

 
) ]

[ ( ) ] [ ( ) ]
1 1 0 0 0 0

c

c c

x

j k d x j k d x
e e



 

 

    

 
 
 
 
 
 
 
 
 
 
 
     

        

+

1

-

1

+

2

-

2

+

3

-

3

+

4

-

4

v

v

v

v

v

v

v

v

x

 
 
 
 
 
 


 
 
 
 
 
 
 

               
0 2

0

0

0

0

0

0

0

I Z
b

 
 
 
 
 
 
 
 
 
 
 
 
 

 

Solving the system of equations gives the current as 

1 1

1 1

( ) ( )2 2

2 2

( ') ( ')3 3

2 2

( ) ( )4 4

1 1

v v
0

v v
'

( )
v v

'

v v

o o

c c

jkx jkx

o

jk x x jk x x

o

jk x x jk x x

c

jk x x jk x x

c

e e x x
Z Z

e e x x x
Z Z

I x

e e x x x
Z Z

e e x x d
Z Z

 


 
  

 
  

 
  


  




  


 
   




  

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Figure ‎A.2 Transmission line model of the feed problem of the cavity-backed patch phased array.   



196 

Appendix B: Dyadic Green’s Function of the Rectangular 

Waveguide 

In this appendix, the dyadic Green’s function of the rectangular waveguide is listed as have been 

driven by Samii in [97] and is similar to [102].  
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a, b are the waveguide width in x  and height in y , respectively 
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Appendix C: Matlab Code 

In this appendix, the Matlab code of the numerical analysis described in Chapter 6 is listed here.  

 

C.1 Probe-Fed Microstrip Patch Phased Array 
 
clear all 

  
lampda0=3; 
d_norm=0.52; 
a_norm=0.5*d_norm; 
t_norm=(d_norm-a_norm)/2; 
xf_norm=a_norm/4; 
xp_norm=d_norm/2+a_norm/2-xf_norm; 

 
lampda=lampda0; 

  
epsi_x=0; 
er1=2.5; 
h_norm=0.03; 

  
Io=0.001; 

  
C=3*10^8; 
mu0=4*pi*10^-7; 
epslon0=1/(C^2*mu0); 

  
f=C/lampda; 

  
w=2*pi*f; 
k0=w/C; 
z0=(mu0/(epslon0))^0.5; 
z1=z0/sqrt(er1); 
k1=k0*sqrt(er1); 

  
d=d_norm*lampda0;                   % Unit cell width  
t=t_norm*lampda0;                   % Slit width 
a=a_norm*lampda0;                   % Patch width 
xf=xf_norm*lampda0; 
xp=xp_norm*lampda0;                 % Probe position 
h=h_norm*lampda0;                   % Substrate thickness 

s 

  
Zo1=z1; 
Zo2=z1; 

  
xo=d/2-Wc/2; 
xc=d/2+Wc/2; 
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    end 
end 

  
for n=1:N 
    for m=1:M 
        g(n,m)=Probe_CosEdgeExpInt_A2(n-1,kxm(m),t,a,d); 
    end 
end 

  
fY=(Y0-j*Y1.*cot(kz1*h)); 
fY=diag(fY); 

  
A1=f*fY*f'; 
B1=f*fY*g'; 
A2=g*fY*f'; 
B2=g*fY*g'; 

  

  
J1= SurfaceCurrent_ProbeFed (Io,lampda,d,xp,epsi_x,er1,xi1); 
J2= SurfaceCurrent_ProbeFed (Io,lampda,d,xp,epsi_x,er1,xi2); 

  
for n=1:N 
    J_Int1(n)=simpson_int(J1.*cos((n-1)*pi/t*xi1)./(1-(xi1/t).^2).^0.5,step); 
    J_Int2(n)=simpson_int(J2.*cos((n-1)*pi/(d-a-t)*(d-xi2))./(1-((d-xi2)/(d-

a-t)).^2).^0.5,step); 
end 

  
J_Int1=J_Int1.'; 
J_Int2=J_Int2.'; 

  
A=(A1-B1*B2^-1*A2); 
an=A^-1*(J_Int1-B1*B2^-1*J_Int2); 
bn=B2^-1*J_Int2-B2^-1*A2*an; 

  
V0=f'*an+g'*bn; 

  
Ea=Basis_mds1*an; 
Eb=Basis_mds2*bn; 

  
Ep=Fl_mds*V0; 

  

  

  
Za_wg=-sqrt(-1)/2*h*z1*sin(k1*d)/(cos(k1*d)-cos(epsi_x)); 
cfl=j/(d^0.5)*kxm./kz1.^2.*exp(-j*kxm*xp); 
Za_fl=1/Io*cfl*V0; 
if real(Za_fl<0) 
    Za_fl=-Za_fl; 
end 

  
Za=(Za_wg+Za_fl); 
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Ra=(real(Za)); 

  
J=SurfaceCurrent_CavityBacked(Io,lampda,d,xo,xp,xc,Zo1,Zo2,epsi_x,er1,x); 

  
figure 
plot(xi1/lampda0,abs(Ea),'b','linewidth',2.5) 
hold on 
plot(xi2/lampda0,abs(Eb),'b','linewidth',2.5) 
plot(x/lampda0,abs(Ep),'r--','linewidth',2.5) 
plot(t/lampda0.*ones(length(Ea),1),abs(Ea),'k--','linewidth',2) 
plot((t+a)/lampda0.*ones(length(Ea),1),abs(Ea),'k--','linewidth',2) 
grid on 
ylabel('abs(Ex)','fontsize',16,'fontname','arial') 
xlabel('x/lampda0','fontsize',16,'fontname','arial') 
set(gca,'FontSize',16) 
title(strcat('Aperture Fields, N=',num2str(N),', M=',num2str(M))) 
xlim([0,d/lampda0]) 

  
  

 

 

function I=Probe_CosExpInt(n,k,t,d) 

  
if n==0 & k==0 
    I=(1/d)^0.5*t*pi/2; 
elseif n~=0 & k==0 
    I=(1/d)^0.5*t*pi/2*(besselj(0,n*pi)); 
elseif n==0 & k<0 
    I=(1/d)^0.5*t*pi/2*(besselj(0,k*t)+j*struve0_mit(-k*t)); 
elseif n==0 & k>0 
    I=(1/d)^0.5*t*pi/2*(besselj(0,k*t)-j*struve0_mit(k*t)); 
elseif (k*t-n*pi)<0 & (k*t+n*pi)<0 
    I=(1/d)^0.5/2*t*pi/2*(besselj(0,k*t+n*pi)+besselj(0,k*t-n*pi)-j*(-

struve0_mit(-(k*t+n*pi))-struve0_mit(-(k*t-n*pi)))); 
elseif (k*t-n*pi)>0 & (k*t+n*pi)<0 
    I=(1/d)^0.5/2*t*pi/2*(besselj(0,k*t+n*pi)+besselj(0,k*t-n*pi)-j*(-

struve0_mit(-(k*t+n*pi))+struve0_mit((k*t-n*pi)))); 
elseif (k*t-n*pi)<0 & (k*t+n*pi)>0 
    I=(1/d)^0.5/2*t*pi/2*(besselj(0,k*t+n*pi)+besselj(0,k*t-n*pi)-

j*(struve0_mit(k*t+n*pi)-struve0_mit(-(k*t-n*pi)))); 
else 
    I=(1/d)^0.5/2*t*pi/2*(besselj(0,k*t+n*pi)+besselj(0,k*t-n*pi)-

j*(struve0_mit(k*t+n*pi)+struve0_mit(k*t-n*pi))); 
end 
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function I=Probe_CosExpInt(n,k,t,a,d) 

  
if n==0 & k==0 
   I=(1/d)^0.5*(d-a-t)*pi/2; 
elseif n~=0 & k==0 
   I=(1/d)^0.5*(d-a-t)*pi/2*(besselj(0,n*pi)); 
elseif n==0 & k<0 
   I=exp(-j*k*d)*(1/d)^0.5*(d-a-t)*pi/2*(besselj(0,k*(d-a-t))-j*struve0_mit(-

k*(d-a-t))); 
elseif n==0 & k>0 
   I=exp(-j*k*d)*(1/d)^0.5*(d-a-t)*pi/2*(besselj(0,k*(d-a-

t))+j*struve0_mit(k*(d-a-t))); 
elseif (k*(d-a-t)-n*pi)<0 & (k*(d-a-t)+n*pi)<0 
   I=exp(-j*k*d)*(1/d)^0.5/2*(d-a-t)*pi/2*(besselj(0,k*(d-a-

t)+n*pi)+besselj(0,k*(d-a-t)-n*pi)+j*(-struve0_mit(-(k*(d-a-t)+n*pi))-

struve0_mit(-(k*(d-a-t)-n*pi)))); 
elseif (k*(d-a-t)-n*pi)>0 & (k*(d-a-t)+n*pi)<0 
   I=exp(-j*k*d)*(1/d)^0.5/2*(d-a-t)*pi/2*(besselj(0,k*(d-a-

t)+n*pi)+besselj(0,k*(d-a-t)-n*pi)+j*(-struve0_mit(-(k*(d-a-

t)+n*pi))+struve0_mit((k*(d-a-t)-n*pi)))); 
elseif (k*(d-a-t)-n*pi)<0 & (k*(d-a-t)+n*pi)>0 
   I=exp(-j*k*d)*(1/d)^0.5/2*(d-a-t)*pi/2*(besselj(0,k*(d-a-

t)+n*pi)+besselj(0,k*(d-a-t)-n*pi)+j*(struve0_mit(k*(d-a-t)+n*pi)-

struve0_mit(-(k*(d-a-t)-n*pi)))); 
else 
   I=exp(-j*k*d)*(1/d)^0.5/2*(d-a-t)*pi/2*(besselj(0,k*(d-a-

t)+n*pi)+besselj(0,k*(d-a-t)-n*pi)+j*(struve0_mit(k*(d-a-

t)+n*pi)+struve0_mit(k*(d-a-t)-n*pi))); 
end 

 

 

 
function [J,v,c]=SurfaceCurrent_ProbeFed(Io,lampda0,d,xp,delta,er1,xi) 

  
c0=2.998*10^8; 
mu0=4*pi*10^-7; 
epslon0=1/(c0^2*mu0); 

  
f=c0/lampda0; 
w=2*pi*f; 
k0=w/c0; 
k=k0*sqrt(er1); 

  
z0=(mu0/(epslon0))^0.5; 
Z1=z0/(er1)^0.5; 

  

  
v1p=[ -1/2*exp(-i*(k*d-k*xp-delta))/(exp(-i*(k*d-delta))-1)*Io*Z1]; 
v1n=[    1/2*exp(i*(k*d-k*xp+delta))/(exp(i*(k*d+delta))-1)*Io*Z1]; 
v2p=[                          -1/2/(exp(-i*(k*d-delta))-1)*Io*Z1]; 
v2n=[                            1/2/(exp(i*(k*d+delta))-1)*Io*Z1];  
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x=xi; 

  
for n=1:length(x) 
    if x(n)>=0 & x(n)<xp 
        I(n)=v1p/Z1*exp(-j*k*x(n))-v1n/Z1*exp(j*k*x(n)); 
    elseif x(n)>=xp & x(n)<=d 
        I(n)=v2p/Z1*exp(-j*k*(x(n)-xp))-v2n/Z1*exp(j*k*(x(n)-xp)); 
    end 
end 

  
v=[v1p v1n v2p v2n]; 
c=[exp(-j*k*(x-xp)).' exp(j*k*(x-xp)).']; 
J=-I; 
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C.2 Probe-Fed Cavity-Backed Patch Phased Array (Case of Two Substrates) 
 
clear all 

   
c0=299792458 ; 
lampda0=3; 
lampda=3; 
d_norm=0.51; 
a_norm=0.25; 
xf_norm=0; 

  
theta=0; 
theta=theta/180*pi; 

  
er1=2.2; 
h_norm=0.01; 
hc_norm=0.12; 
Wc_norm=0.42; 

  

  

  
c=299792458 ; 
mu0=4*pi*10^-7; 
epslon0=1/(c^2*mu0); 

  
f=c/lampda; 
w=2*pi*f; 
k0=w/c; 
z0=(mu0/(epslon0))^0.5; 
z1=z0/(er1)^0.5; 
k1=k0*sqrt(er1); 

  
d=d_norm*lampda0;                   % Unit cell width  
a=a_norm*lampda0;                   % Patch width 
t=(d-a)/2;                          % Slit width  
xf=xf_norm*lampda0; 
xp=d/2+a/2-xf;                      % Probe position 
h=h_norm*lampda0;                   % Substrate thickness 
Wc=Wc_norm*lampda0; 
hc=hc_norm*lampda0; 

  
epsi_x=2*pi/lampda0*d*sin(theta); 

  
lampdaN=3; 
Normfactor=lampdaN/lampda; 

  
Io=0.001; 

  

  
mu0=4*pi*10^-7; 
epslon0=1/(c^2*mu0); 
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f=c/lampda; 
w=2*pi*f; 
k0=w/c; 
z0=(mu0/(epslon0))^0.5; 
z1=z0/(er1)^0.5; 
k1=k0*sqrt(er1); 

  
Zo1=z1*h; 
Zo2=z1*(h+hc); 

  
xo=d/2-Wc/2; 
xc=d/2+Wc/2; 

  
step=d/1000;                       % Step size 
x=[0:step:d];                       %  
xi1=0:step:t-step; 
xi2=t+a+step:step:d; 
xic=xo:step:xc; 
% Equivalent h 
N=5;            % Total number of basis modes                 
Ng=N;           % Total number of waveguide modes  
M=20*N;            % Total number of Floquet modes  

  

   
%----------------------------------------------------------------- 
%      Basis Modes  
%----------------------------------------------------------------- 

  
for n=1:N 
    Basis_mds1(:,n)=cos((n-1)*pi/t*xi1)./(1-(xi1/t).^2).^0.5;               % 

Basis modes on A1 
    Basis_mds2(:,n)=cos((n-1)*pi/(d-a-t)*(d-xi2))./(1-((d-xi2)/(d-a-

t)).^2).^0.5;   % Basis modes on A2 
end 

   
%----------------------------------------------------------------- 
%      Wg Modes  
%----------------------------------------------------------------- 

  
for n=1:Ng 
    Wg_mds(:,n)=sqrt(2/Wc)*cos((n-1)*pi/Wc*(xic-xo));         % Basis modes 
    kxg(n)=((n-1)*pi)/Wc; 
    Bgz(n)=(k1^2-kxg(n)^2)^0.5; 
    yg(n)=(w*epslon0*er1)/Bgz(n); 
end 

  
%------------------------------------------------------------ 
%        Floquet Mode Expansion 
%------------------------------------------------------------ 

  
for m=1:M    
        q=m-(fix(M/2)+1); 
        kxm(m)=(2*pi*q+epsi_x)/d; 
        Fl_mds(:,m)=((1/d)^0.5*exp(-j*kxm(m)*x));      % Floquet modes 
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kz1(m)=(k1^2-kxm(m)^2)^0.5; % Floquet propagation const in the 

dielectric 

 

         
        Y1(m)=(w*epslon0*er1)/kz1(m);                  % Floquet modal 

admittance in the dielectric region 

        
        if k0^2>kxm(m)^2                               % Floquet propagation 

const in the free space 
            kz0(m)=(k0^2-kxm(m)^2)^0.5; 
        else 
            kz0(m)=-j*(kxm(m)^2-k0^2)^0.5; 
        end 

  
        Y0(m)=(w*epslon0)/kz0(m);                      % Floquet modal 

admittance in the free space 

  
end 

   

  
for n=1:Ng 
    for m=1:M 
        C(n,m)=Probe_CosExpInt_Wc(n-1,kxm(m),xo,xc,Wc,d); 
    end 
end 

  
for n=1:N 
    for m=1:M 
        f(n,m)=Probe_CosEdgeExpInt_A1(n-1,kxm(m),t,d); 
    end 
end 

  
for n=1:N 
    for m=1:M 
        g(n,m)=Probe_CosEdgeExpInt_A2(n-1,kxm(m),t,a,d); 
    end 
end 

  

  
fyg=sqrt(-1)*(1./yg).*(1./(cot(Bgz*hc))); 

  
B=diag(Y1)*C'*diag(fyg)*C; 

  
B=B.'; 

  
I=eye(M,M); 

  
S=(I-B)^-1*(I+B); 

  
P=diag(exp(-sqrt(-1)*kz1*h))-S*diag(exp(sqrt(-1)*kz1*h)); 
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Q=diag(exp(-sqrt(-1)*kz1*h))+S*diag(exp(sqrt(-1)*kz1*h)); 

  

   
R=(diag(Y0)-diag(Y1)*P^-1*Q); 

  
A1=f*R*f'; 
B1=f*R*g'; 
A2=g*R*f'; 
B2=g*R*g'; 

  
J=SurfaceCurrent_CavityBacked(Io,lampda,d,xo,xp,xc,Zo1,Zo2,epsi_x,er1,x); 

  
for n=1:N 
     J_Int1(n)=quadgk(@(xi)CurrentEdgeBasis_A1(xi,n-

1,t,d,Io,lampda,xo,xp,xc,Zo1,Zo2,epsi_x,er1),0,t); 
     J_Int2(n)=quadgk(@(xi)CurrentEdgeBasis_A2(xi,n-

1,t,a,d,Io,lampda,xo,xp,xc,Zo1,Zo2,epsi_x,er1),t+a,d); 
end 

  
J_Int1=J_Int1.'; 
J_Int2=J_Int2.'; 

  
A=(A1-B1*B2^-1*A2); 
an=A^-1*(J_Int1-B1*B2^-1*J_Int2); 
bn=B2^-1*(J_Int2-A2*an); 

  
V0=f'*an+g'*bn; 

  
Vp=P^-1*V0; 
Vn=-S*Vp; 

  
for n=1:Ng 
    v(n)=-fyg(n)*Y1.*C(n,:)*(Vp-Vn); 
end 

  
v=v.'; 

  
% Check 
VcheckP=Vp+Vn; 
VcheckN=C'*v; 
norm(VcheckP) 
norm(VcheckN) 

  
Vcheck1=Vp.*exp(-sqrt(-1)*kz1.'*h)+Vn.*exp(sqrt(-1)*kz1.'*h); 
norm(V0) 
norm(Vcheck1) 

  

  
%--------------------------------------------------------------------- 
% Active Impedance 
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Vc=SurfaceCurrent_CavityBacked_v(Io,lampda,d,xo,xp,xc,Zo1,Zo2,epsi_x,er1,xp); 
V1p=Vc(1); 
V1n=Vc(2); 
V2p=Vc(3); 
V2n=Vc(4); 
V3p=Vc(5); 
V3n=Vc(6); 
V4p=Vc(7); 
V4n=Vc(8); 

  
Za_wg=-(V3p+V3n)/Io*(h+hc); 

  
cg=(sqrt(2/Wc).*kxg./Bgz.^2.*sin(kxg*(xp-xo))); 
Za_cavity=1/Io*cg*v; 

  
norm_v=norm(v) 
norm_cg=norm(cg) 

  
cfl=2/sqrt(d)*kxm./kz1.^2.*exp(-sqrt(-1)*kxm*xp).*sin(kz1*h/2); 
cp=exp(-sqrt(-1)*kz1*h/2); 
cn=exp(sqrt(-1)*kz1*h/2); 
cflp=cfl.*cp; 
cfln=cfl.*cn; 

  
norm_cflp=norm(cflp) 
norm_Vp=norm(Vp) 
norm_cfln=norm(cfln) 
norm_Vn=norm(Vn) 

  
Za_fl=1/Io*(cflp*Vp-cfln*Vn); 

  
Za=(Za_fl+Za_wg+Za_cavity)*Normfactor; 

  
if real(Za)<0 
    Za=-Za; 
end 

  
Za_wg 
Za_cavity 
Za_fl 
Za 

  
%----------------------------------------------- 
Ea=Basis_mds1*an; 
Eb=Basis_mds2*bn; 

  
E0=Fl_mds*V0; 
E1=Fl_mds*(Vp.*exp(-sqrt(-1)*kz1.'*h)+Vn.*exp(sqrt(-1)*kz1.'*h)); 

  
Ed=Fl_mds*(Vp+Vn); 
Eg=Wg_mds*v; 

  
figure 
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plot(x/lampda0,abs(J),'b','linewidth',2) 
hold on 
grid on 
plot(xp/lampda0.*ones(length(J),1),abs(J),'r--','linewidth',2) 
plot(t/lampda0.*ones(length(J),1),abs(J),'k--','linewidth',2) 
plot((t+a)/lampda0.*ones(length(J),1),abs(J),'k--','linewidth',2) 
plot(xo/lampda0.*ones(length(J),1),abs(J),'m--','linewidth',2) 
plot(xc/lampda0.*ones(length(J),1),abs(J),'m--','linewidth',2) 
ylabel('abs(J)','fontsize',16,'fontname','arial') 
xlabel('x/lampda0','fontsize',16,'fontname','arial') 
set(gca,'FontSize',16) 
xlim([0/lampda0,d/lampda0]) 

  
figure 
plot(xi1/lampda0,abs(Ea),'b','linewidth',2) 
hold on 
plot(xi2/lampda0,abs(Eb),'b','linewidth',2) 
plot(x/lampda0,abs(E1),'m--','linewidth',2) 
plot(x/lampda0,abs(E0),'r:','linewidth',2) 
plot(t/lampda0.*ones(length(Eb),1),abs(Eb),'k--','linewidth',2) 
plot((t+a)/lampda0.*ones(length(Eb),1),abs(Eb),'k--','linewidth',2) 
grid on 
ylabel('abs(Ex)','fontsize',16,'fontname','arial') 
xlabel('x','fontsize',16,'fontname','arial') 
set(gca,'FontSize',16) 
xlim([0/lampda0,d/lampda0]) 
title(strcat('Aperture Fields at Z=hs, N=',num2str(N),', M=',num2str(M))) 
legend('E-Ap-L','E-Ap-R','E-Fl-D','E-Fl-Air') 

  
figure 
plot(xic/lampda0,abs(Eg),'b','linewidth',2) 
hold on 
plot(x/lampda0,abs(Ed),'r:','linewidth',2) 
grid on 
plot(xo/lampda0.*ones(length(Eg),1),abs(Eg),'k--','linewidth',2) 
plot(xc/lampda0.*ones(length(Eg),1),abs(Eg),'k--','linewidth',2) 

  
ylabel('abs(Ex)','fontsize',16,'fontname','arial') 
xlabel('x','fontsize',16,'fontname','arial') 
set(gca,'FontSize',16) 
xlim([0/lampda0,d/lampda0]) 
title(strcat('Aperture Fields at Z=0, Ng=',num2str(Ng),', M=',num2str(M))) 
legend('E-guide','E-Fl-D') 
  

function I=Probe_CosExpInt_Wc(n,k,xo,xc,Wc,d) 

  
if n==0 & k==0 
    I=(1/d)^0.5*(1/Wc)^0.5*Wc; 
elseif n~=0 & k==0  
    I=0; 
else 
    I=(1/d)^0.5*(2/Wc)^0.5*(-Wc*(-j*k*Wc+j*k*Wc*exp(-

j*k*xc+xo*j*k)*cos(n*pi*(xo-xc)/Wc)+n*pi*exp(-j*k*xc+xo*j*k)*sin(n*pi*(xo-

xc)/Wc))*exp(-xo*j*k)/(j^2*k^2*Wc^2+n^2*pi^2)); 
end 
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C.3 Probe-Fed Cavity-Backed Patch Phased Array (Case of Single Substrate) 
 
clear all 

  

  
c0=299792458 ; 
mu0=4*pi*10^-7; 
epslon0=1/(c0^2*mu0); 

  
f0=10e9; 
lampda0=c0/f0; 

  
f=10e9; 
lampda=c0/f; 

  
theta=0.001; 
theta=theta/180*pi; 
er=2.2; 

  
d_norm=0.5; 
a_norm=0.27; 
hc_norm=0.1; 
Wc_norm=0.4; 
xf=a_norm/15; 

  

  
d=d_norm*lampda0;                   % Unit cell width  
a=a_norm*lampda0;                   % Patch width 
hc=hc_norm*lampda0;                 % Substrate/Cavity thickness 
Wc=Wc_norm*lampda0; 
xf=xf*lampda0; 
xa1=d/2-a/2; 
xa2=d/2+a/2; 
xo=d/2-Wc/2; 
xc=d/2+Wc/2; 
xp=xa2-xf;                      % Probe position 
t=xa1-xo; 

  
epsi_x=2*pi/lampda0*d*sin(theta); 

  
f=c0/lampda; 
w=2*pi*f; 
k0=w/c0; 
k1=k0*sqrt(er); 

  
step=d/1000;                       % Step size 
x=[0:step:d];                       %  
xi1=xo+step/10:step:xa1; 
xi2=xa2+step/10:step:xc-step/10; 
xic=xo:step:xc; 
xip=xa1:step:xa2; 
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N=3;            % Total number of basis modes                 
Ng=5*N+1;         % Total number of waveguide modes  
M=5*N+1;         % Total number of Floquet modes  

  
Nx=5;           % Total number of modes in x for the feed problem 
Mz=1;           % Total number of modes in z for the feed problem 

  
%----------------------------------------------------------------- 
%      Basis Modes  
%----------------------------------------------------------------- 
for n=1:N 
    Basis_mds1(:,n)=cos((n-1)*pi/t*(xi1-xo))./(1-((xi1-xo)/t).^2).^0.5;                       

% Basis modes on A1 
    Basis_mds2(:,n)=cos((n-1)*pi/t*(xc-xi2))./(1-((xc-xi2)/t).^2).^0.5;   % 

Basis modes on A2 
end 
%----------------------------------------------------------------- 
%      Wg Modes  
%----------------------------------------------------------------- 
for n=1:Ng 
    Wg_mds(:,n)=sqrt(2/Wc)*cos((n-1)*pi/Wc*(xic-xo)); % Wg modes 
    kxg(n)=((n-1)*pi)/Wc; 
    if k1^2>kxg(n)^2                                 % propagation const in 

the dielectric region 
        Bgz(n)=(k1^2-kxg(n)^2)^0.5; 
    else 
        Bgz(n)=-sqrt(-1)*(kxg(n)^2-k1^2)^0.5; 
    end 
    yg(n)=(w*epslon0*er)/Bgz(n); 
end 
%------------------------------------------------------------ 
%        Floquet Mode Expansion 
%------------------------------------------------------------ 
for m=1:M    
        q=m-(fix(M/2)+1); 
        kxm(m)=(2*pi*q+epsi_x)/d; 
        Fl_mds(:,m)=((1/d)^0.5*exp(-sqrt(-1)*kxm(m)*x));      % Floquet modes               
        if k0^2>kxm(m)^2                               % Floquet propagation 

const in the free space 
            kz0(m)=(k0^2-kxm(m)^2)^0.5; 
        else 
            kz0(m)=-sqrt(-1)*(kxm(m)^2-k0^2)^0.5; 
        end 
        Y0(m)=(w*epslon0)/kz0(m);                      % Floquet modal 

admittance in the free space 
end 
%------------------------------------------------------------ 
%        Intermodal coupling coefficients 
%------------------------------------------------------------ 

  
for n=1:Ng 
    for m=1:M 
        C(n,m)=quadgk(@(xi)GroveWgmdsFlmds(xi,xo,n-1,Wc,kxm(m),d),xo,xc); 
    end 
end 
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for n=1:M 
    for m=1:N 
        f1(m,n)=quadgk(@(xi)GroveFlmdsEdgeBasis_A1(xi,kxm(n),d,m-

1,xo,t),xo,xa1); 
        f2(m,n)=quadgk(@(xi)GroveFlmdsEdgeBasis_A2(xi,kxm(n),d,m-

1,t,xc),xa2,xc); 
    end 
end 

  
for n=1:N 
    for m=1:Ng 
        g1(n,m)=quadgk(@(xi)GroveWgmdsEdgeBasis_A1(xi,xo,n-1,Wc,m-

1,t),xo,xa1); 
        g2(n,m)=quadgk(@(xi)GroveWgmdsEdgeBasis_A2(xi,xo,n-1,Wc,m-

1,t,xc),xa2,xc); 
    end 
end 

  
Yg=sqrt(-1)*(yg).*cot(Bgz*hc); 

  
A1=f1*diag(Y0)*f1'-g1*diag(Yg)*(C*C')^-1*C*f1'; 
B1=f1*diag(Y0)*f2'-g1*diag(Yg)*(C*C')^-1*C*f2'; 
A2=f2*diag(Y0)*f1'-g2*diag(Yg)*(C*C')^-1*C*f1'; 
B2=f2*diag(Y0)*f2'-g2*diag(Yg)*(C*C')^-1*C*f2'; 

  
Js1=SurfaceCurrent_GroveBacked(lampda0,d,a,Wc,hc,xf,er,epsi_x,Nx,Mz,xi1); 
Js2=SurfaceCurrent_GroveBacked(lampda0,d,a,Wc,hc,xf,er,epsi_x,Nx,Mz,xi2); 

  
Js_patch=SurfaceCurrent_GroveBacked(lampda0,d,a,Wc,hc,xf,er,epsi_x,Nx,Mz,xip)

; 

  
for n=1:N 
     J_Int1(n)=quadgk(@(xi)GroveCurrentEdgeBasis_A1(xi,n-

1,xo,t,lampda,d,a,Wc,hc,xf,er,epsi_x,Nx,Mz),xo,xa1); 
     J_Int2(n)=quadgk(@(xi)GroveCurrentEdgeBasis_A2(xi,n-

1,t,xc,lampda,d,a,Wc,hc,xf,er,epsi_x,Nx,Mz),xa2,xc); 
end 

  
J_Int1=-J_Int1.'; 
J_Int2=-J_Int2.'; 

  
A=(A1-B1*B2^-1*A2); 
an=A^-1*(J_Int1-B1*B2^-1*J_Int2); 
bn=B2^-1*(J_Int2-A2*an); 

  
V0=f1'*an+f2'*bn; 

  
v=(C*C')^-1*C*V0; 

  
% Check 
VcheckP=V0; 
VcheckN=C'*v; 
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norm(VcheckP) 
norm(VcheckN) 

  
Zaf=ZaFeed_GroveBacked(lampda,d,a,Wc,hc,xf,er,epsi_x,Nx); 

  
Zar=-1/(sqrt(-1)*w*epslon0*er)*sqrt(2/Wc)*yg./Bgz.*kxg.*sin(kxg*(xp-xo))*v; 

  
dp=1/3; 

  
Za=(Zaf+Zar)/dp 

  
%----------------------------------------------- 
Ea=Basis_mds1*an; 
Eb=Basis_mds2*bn; 

  
E0=Fl_mds*V0; 
Eg=Wg_mds*v; 

  
figure 
plot(xi1/lampda0,abs(Ea)/1000,'b','linewidth',2) 
hold on 
plot(xi2/lampda0,abs(Eb)/1000,'b','linewidth',2) 

  

  
plot(xic/lampda0,abs(Eg)/1000,'r--','linewidth',2) 

  
plot(xo/lampda0.*ones(length(Ea),1),abs(Ea)/1000,'k--','linewidth',2) 
plot(xa1/lampda0.*ones(length(Ea),1),abs(Ea)/1000,'k--','linewidth',2) 
plot(xa2/lampda0.*ones(length(Ea),1),abs(Ea)/1000,'k--','linewidth',2) 
plot(xc/lampda0.*ones(length(Ea),1),abs(Ea)/1000,'k--','linewidth',2) 

  
grid on 
ylabel('abs(Ex)','fontsize',16,'fontname','arial') 
xlabel('x/lambda0','fontsize',16,'fontname','arial') 
set(gca,'FontSize',16) 
xlim([0/lampda0,d/lampda0]) 
legend('E-Ap-L','E-Ap-R','E-G') 
ylim([0 1e2]) 

  
figure 
plot(xi1/lampda0,abs(Js1),'b','linewidth',2) 
hold on 
plot(xi2/lampda0,abs(Js2),'b','linewidth',2) 
plot(xip/lampda0,abs(Js_patch),'r','linewidth',2) 
plot(xo/lampda0.*ones(length(Js1),1),abs(Js1),'k--','linewidth',2) 
plot(xa1/lampda0.*ones(length(Js1),1),abs(Js1),'k--','linewidth',2) 
plot(xa2/lampda0.*ones(length(Js1),1),abs(Js1),'k--','linewidth',2) 
plot(xc/lampda0.*ones(length(Js1),1),abs(Js1),'k--','linewidth',2) 
grid on 
ylabel('abs(Js)','fontsize',16,'fontname','arial') 
xlabel('x','fontsize',16,'fontname','arial') 
set(gca,'FontSize',16) 
xlim([0/lampda0,d/lampda0]) 
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set(gca,'FontSize',16) 

 

 

function y=GroveWgmdsFlmds(x,xo,n,Wc,kx,d) 
y=GroveWgMds(x,xo,n,Wc).*GroveFlMds(x,kx,d); 

 
function y=GroveFlmdsEdgeBasis_A1(x,kx,d,m,xo,t) 
y=GroveFlMds(x,kx,d).*GroveBasisEdge_A1(x,m,xo,t); 

 

function y=GroveFlmdsEdgeBasis_A2(x,kx,d,m,t,xc) 
y=GroveFlMds(x,kx,d).*GroveBasisEdge_A2(x,m,t,xc); 

 

function y=GroveWgmdsEdgeBasis_A1(x,xo,n,Wc,m,t) 
y=GroveWgMds(x,xo,n,Wc).*GroveBasisEdge_A1(x,m,xo,t); 

 

function y=GroveWgmdsEdgeBasis_A2(x,xo,n,Wc,m,t,xc) 
y=GroveWgMds(x,xo,n,Wc).*GroveBasisEdge_A2(x,m,t,xc); 

 

function y=GroveWgMds_A1(x,xo,n,Wc) 
y=sqrt(2/Wc)*cos(n*pi/Wc*(x-xo)); 

 

function y=GroveFlMds(x,kx,d) 
y=sqrt(1/d)*exp(-sqrt(-1)*kx*x); 

 

function y=GroveBasisEdge_A1(x,n,xo,t) 
y=cos(n*pi/t*(x-xo))./(1-((x-xo)/t).^2).^0.5; 

 

function y=GroveBasisEdge_A2(x,n,t,xc) 
y=cos(n*pi/(t)*(xc-x))./(1-((xc-x)/t).^2).^0.5; 

 

function 

y=GroveCurrentEdgeBasis_A1(x,n,xo,t,lampda,d,a,Wc,hc,xf,er,epsi_x,Nx,Mz) 
y=SurfaceCurrent_GroveBacked(lampda,d,a,Wc,hc,xf,er,epsi_x,Nx,Mz,x).*GroveBas

isEdge_A1(x,n,xo,t); 
 

function 

y=GroveCurrentEdgeBasis_A2(x,n,t,xc,lampda,d,a,Wc,hc,xf,er,epsi_x,Nx,Mz) 
y=SurfaceCurrent_GroveBacked(lampda,d,a,Wc,hc,xf,er,epsi_x,Nx,Mz,x).*GroveBas

isEdge_A2(x,n,t,xc); 
 

 

function 

Jsx=SurfaceCurrent_GroveBacked(lampda,d,a,Wc,hc,xf,er,epsi_x,Nx,Mz,x) 

  

  
c0=2.998*10^8; 
mu0=4*pi*10^-7; 
epslon0=1/(c0^2*mu0); 

  
f=c0/lampda; 
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w=2*pi*f; 
k0=w/c0; 
k=k0*sqrt(er); 

  
xa1=d/2-a/2;                   % Patch Start Point 
xa2=d/2+a/2;                   % Patch End Point 
xo=d/2-Wc/2;                   % Cavity Start Point 
xc=d/2+Wc/2;                   % Cavity End Point 
xp=xa2-xf;                     % Probe Location w.r.t. origin                  

  
%----------------------------------------------------------------- 
%      Feed Problem 
%----------------------------------------------------------------- 
  %Nx=4;          % number of modes in x 
  n=0:1:Nx-1; 
  e0n=2*ones(1,Nx); 
  e0n(1)=1; 

  
  %Mz=2;          % number of modes in z 
  m=0:1:Mz-1; 
  e0m=2*ones(1,Mz); 
  e0m(1)=1; 

   

  
  kx=n*pi/Wc; 
  kz=m*pi/hc; 

   
  for i=1:length(n) 
      for j=1:length(m) 
          if (kx(i)^2+kz(j)^2)>k^2 
            Gamma(i,j)=sqrt(kx(i)^2+kz(j)^2-k^2); 
          else 
            Gamma(i,j)=-sqrt(-1)*sqrt(k^2-kx(i)^2-kz(j)^2); 
          end 
          Sm(i,j)=e0n(i)*hc/(4*Wc*Gamma(i,j))*(kx(i)^2-

Gamma(i,j)^2)*sin(kx(i)*(xp-xo))^2; 
      end 
  end 

   
  Sm=sum(Sm); 
  Im=k^2/(sqrt(-1)*w)*1./Sm; 

  

   
   for i=1:length(n)              
       for j=1:length(m) 
            Jsnm(:,i,j)=-1/mu0*e0n(i)*e0m(j)*kx(i)/(4*Wc*Gamma(i,j))*Im(j)*(-

1)^j*sin(kx(i)*(xp-xo)).*cos(kx(i)*(x-xo)); 
       end       
   end 

    
   Jsx=exp(-sqrt(-1)*epsi_x)*sum(sum(Jsnm,3),2).'; 
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function Zaf=ZaFeed_GroveBacked(lampda0,d,a,Wc,hc,xf,er,epsi_x,Nx) 

  

  
c0=2.998*10^8; 
mu0=4*pi*10^-7; 
epslon0=1/(c0^2*mu0); 

  
f=c0/lampda0; 
w=2*pi*f; 
k0=w/c0; 
k=k0*sqrt(er); 

  
xa1=d/2-a/2;                   % Patch Start Point 
xa2=d/2+a/2;                   % Patch End Point 
xo=d/2-Wc/2;                   % Cavity Start Point 
xc=d/2+Wc/2;                   % Cavity End Point 
xp=xa2-xf;                     % Probe Location w.r.t. origin                  

  
%----------------------------------------------------------------- 
%      Feed Problem 
%----------------------------------------------------------------- 
  %Nx=4;          % number of modes in x 
  n=0:1:Nx; 
  e0n=2*ones(1,Nx+1); 
  e0n(1)=1; 

  
  %Mz=2;          % number of modes in z 
  m=0; 
  e0m(1)=1; 

   
  kx=n*pi/Wc; 
  kz=m*pi/hc; 

   
  for i=1:length(n) 
      for j=1:length(m) 
          Gamma(i,j)=sqrt(kx(i)^2+kz(j).^2-k^2); 
          Sm(i,j)=e0n(i)*e0m(j)*hc/(8*Wc*Gamma(i,j))*(kx(i)^2-

Gamma(i,j)^2)*sin(kx(i)*(xp-xo))^2; 
      end 
  end 

   
  Sm=sum(Sm); 
  Im=1/(sqrt(-1)*w)*1./Sm; 

  

     
   for i=1:length(n) 
       Zafn=sqrt(-1)*w*e0n(i)/(4*Wc*Gamma(i,1))*(kx(i)^2- 

Gamma(i,1)^2)*sin(kx(i)*(xp-xo))^2*Im*hc; 
   end 
    

Zaf=exp(-sqrt(-1)*epsi_x)*sum(Zafn); 
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