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ABSTRACT 

The wireless world we live in has been made possible due to the design and development 

of antenna systems. These play a critical role in the transmission and reception of 

electromagnetic signals over large distances. For efficient signal transmission, multiple 

antennas are arranged in a specific 1D or a 2D system called an Antenna Array. One of the 

key applications of antenna arrays is to focus the energy of the entire antenna array at a 

user defined point in space; this gives the user the ability to change the focusing of the 

energy to move from one specific point to another. This has been conventionally achieved 

using phase shifters in front of each antenna element thus ensuring there is a path difference 

in the signals [1] [2] emanating from each antenna. These signals combine in the far field 

giving rise to a specific antenna pattern. 

The goal of this dissertation is to present an alternative system that uses amplitude as the 

main variable instead of phase in order to achieve beam steering. With the work of Costas 

[3] [4] as a starting point, a fully functional beam steering system using amplitude has been 

designed and built and the design of each block in the functional system is elucidated in 

this thesis.  

The amplitude beam steering system consists of interleaved arrays that are fed with 

alternating phases of 0° and 90° (with a further option to flip the sign if needed) and with 

proper weights in order to steer the beam. The design of the antenna arrays is outlined with 

specific focus on the unit element which is the microstrip dipole and the optimization of its 

parameters. The simulated results of the individual dipole are then compared to the 

fabricated dipole antenna. Following this, a detailed discussion on the ground plane with 

slots is presented that makes the patterns unidirectional. Simulations showing the 

performance of the arrays are presented which confirm the idea of the amplitude based 

beam steering system. The designed ground plane is fabricated and the behavior of the 

antennas in the ground plane is characterized and is very similar to the simulation results. 



 

 xix 

This is then followed by the design of the feed networks that are used to power the 

amplitude based arrays. Wilkinson Power divider is used as the main fundamental splitter 

to equally split the powers. The proper weights that are calculated are implemented using 

attenuators and the design of the attenuators is dealt with in detail as well. For the 

comparison of performance, a normal array along with its feed networks using meandered 

lines is designed and fabricated. 

Simulations show the performance behavior of the normal and amplitude arrays and the 

overall testing of both of the arrays is performed in the antenna chamber and the results are 

outlined. The normalized radiation patterns of the measured amplitude array validate the 

idea of amplitude based steering. Performance metrics in terms of gain and input power 

ratios are discussed in detail. This is followed by an analysis of mutual coupling and design 

of decoupling circuit and its optimization. 

 The final chapter in this dissertation deals with the conclusion and the future work which 

is extension of this idea to 2D beam scanning.
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CHAPTER 1  

INTRODUCTION  

Antennas have long been considered the magic black box of Electromagnetics. With their 

ability to transfer and receive signals in a wireless fashion, they are a modern day wonder 

and an illustration of the ingenuity of the human mind. Antennas which were limited to 

very specific applications such as defense and communication have now become 

ubiquitous - from usage in cell phones to automobiles and to airplanes. The main reason 

for such widespread usage is the ability of antennas to work together despite operating at 

different frequencies and working efficiently as an antenna array at the same frequency. 

Antennas come in a variety of shapes and the operation of the individual antennas 

are analyzed in the standard textbooks on antennas (Balanis, Stutzman and Thiele, Jordan 

etc) and will not be discussed here except for the microstrip dipole which is used as the 

building block of the antenna array. The concepts of radiation pattern gain, polarization 

and effective area, near and far field signals will not be discussed here. The behavior of the 

dipole will be assumed to be known. This thesis is an investigation of the method of 

achieving beam steering by amplitude instead of phase.   

An antenna array is a periodic arrangement of individual antennas elements in a 

one dimensional (1D) or two dimensional (2D) fashion separated by a specified distance 

and which are individually excited depending on the application, as sketched in Fig 1.1 and 

1.2.  Fig. 1.1 shows a 1D array of dipoles. The arms of the dipoles are oriented in the Z-

axis direction and are arranged in a line along the Y-axis. The dipoles are uniformly 

separated by a distance designated as the inter-element spacing. Fig. 1.2 indicates a 2D 

patch antenna array with the rectangles indicating the patch antennas (as an example) 
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aligned in the 2D grid in the X-Y plane. The inter-element spacing along X and Y axis is 

given by dx and dy respectively.  

                      Figure 1. 1 One dimensional (1D) antenna array 

 

 

 

 

 

   Figure 1. 2 Two dimensional (2D) patch antenna array         

The antenna array is generally characterized by various parameters which  are the 

number of elements in the array (N), the spacing between the antenna elements in the array 

 Ὠʇϳ) where ódô is the spacing between the antenna elements and ʇ is the wavelength at 

the designated frequency of operation and the overall length of the array (L). Balanis [1] 

and Stutzman and Thiele [2] provide excellent references for the description of the arrays. 

Antenna arrays enhance the overall gain of the antenna system. Further, antenna 

arrays provide the ability to focus the entire energy of the array towards a specific target in 

space and allow the direction of focusing to be varied electronically. This is achieved by 

ensuring proper signals are supplied to the antenna elements in the array. This is the idea 

of Beam Steering which is discussed in detail in the next chapter.                                                                                                                                     

 

 

Y 

Z 
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1.1.1  Radiation Pattern 

When multiple antennas are excited together, the radiated signals or waves  from each 

antenna combine in the far field in a space in a specific pattern called the Radiation 

Pattern [1] [2]. A typical radiation pattern from a dipole array is shown in Fig. 1.3. A 

direction of 90° is defined as Broadside. The two extremes 0° and 180° are defined as End 

Fire directions. This is the convention that we will be using here. There are other 

conventions as well and hence for the sake of clarity, the description of broadside and end- 

fire is being elaborated here. 

As observed from Fig. 1.3, the combined energy from the antennas show that the 

major portion of the energy is along the broadside direction as indicated by the Main Beam 

or the Major Lobe. In addition to the required direction, there are some other directions in 

which the array radiates as well and these are indicated by the side lobes. The principle 

goal is to ensure that much of the energy is directed towards the required direction and very 

little in the unwanted directions. There is always a fine balance that needs to be achieved 

between these two goals.  

 

 

 

 

 

 

  

Figure 1. 3 Radiation pattern 
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Costas [3] [4] elaborates a method of achieving beam steering using amplitude as the main 

variable that uses interleaved arrays. The two arrays are supplied with signals that are 90° 

out of phase [3] [4] [5].By proper weighting of the required elements, beam steering is 

achieved. This is dealt in detail in the next chapter as well. 

1.1.2 Horizontal dipoles over a ground plane 

The unit antenna element that is used in the array is the dipole whose behavior is well 

characterized [1] [2]. The unit dipole element is placed horizontally over a finite ground 

plane that ensures the radiation is unidirectional. A simple illustration is provided below. 

The dipoles element is placed such that the arms are along the X ïaxis and the ground plane 

is in the XZ plane. Thus the dipole will have a unidirectional radiation pattern in the YZ 

plane which is the pattern of interest.  The dimensions of the ground plane for thus 

illustration are 24 cm x24cm with a thickness of 5.6mm. 

 

 

 

 

 

 

 

 

 

(a) Structure of the horizontal dipole over a finite ground plane 
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(b) YZ plane 

Figure 1. 4 Dipole with the inclusion of a ground plane and its effects 

The mechanism of beam steering using phase has been well researched and 

documented. This thesis deals with providing an alternate method of beam steering for the 

designer that can be deployed when necessary. It uses amplitude as the main variable that 

would be used for beam steering. Insights into the design and working of the system along 

with the results and the comparison of the conventional system to the amplitude based 

system are provided.  Further, the method of decoupling which is of critical importance in 

any antenna design is discussed in detail. All of the above mentioned topics are elaborated 

upon in the remainder of the thesis. 
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CHAPTER 2  

ARRAY  BEAM STEERING  

This chapter discusses the beam steering system using amplitude [3] [4] and provides the 

necessary overview of the entire system. Further, a discussion on the conventional method 

of beam steering using phase is also elaborated. This is followed by an analysis into the 

characterization of the overall system and comparison of the system with the conventional 

system of steering. Challenges that are encountered in the design of the amplitude based 

steering system are also discussed in detail. 

2.1 Idea of amplitude based beam steering 

The main idea in this section is to introduce beam steering using amplitude. Costas 

[3] [4] proposed the idea of beam steering where beam steering could be achieved by using 

amplitude instead of phase. The amplitude based beam steering system uses two 

interleaved arrays one fed with currents of 0° and the other with 90° phase. By providing 

the necessary weighting to the currents that are provided to the antennas, one can achieve 

beam steering. This idea is discussed in detail here.  

The goal of the amplitude array is to obtain a pattern that is very similar to what one 

would obtain using a conventional (or normal array). Consider a normal array of N 

elements separated by a distance ódô as shown in Fig. 2.1.  This is designed to steer the 

beam to a specific direction óɗ0ô; once the direction of steering is fixed, the phase shift 

parameter is given by ᴂɻ ᴂ which is dependent on the spacing between the antenna elements, 

the frequency of operation and the required direction ɗ0 and is given by [2]  

     ɻ  ɂ ɼ Ä ÃÏÓ ʃπ   Ƞ    ɼ  ς
˜
   ÉÓ ÔÈÅ ÐÈÁÓÅ ÓÈÉÆÔ ÃÏÎÓÔÁÎÔȢ           (1) 
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Figure 2. 1 A conventional Antenna array with elements along Z axis [1] 

The same can be achieved by the amplitude array designed as follows [3] [4] [5] 

1) Begin with a similar antenna array of N elements i.e. antenna array I. Starting from the 

center element of the array, let the initial excitation of the elements be real values Wk and 

Wð k for the elements on the right and left of the center respectively. (These can be taken 

to be uniform currents of 1 A for example). A second antenna array II is interleaved with 

array I as shown in the Fig. 2.2 which shows the right half of the overall array. 

2) Once óɻô is calculated, the coefficients of Array I are now modified to give ὡὯ for the 

elements on the right and the left of the center element. 

3) The goal is to find out the excitation currents of the interleaved array II which are gk and 

gð k   for the elements on the right and left of the center respectively.   

The interleaved array is designed to generate the part of the radiation pattern which 

the imaginary part of the phase would have contributed to [4]. 

4) Thus two interleaved arrays with excitations 7Ë ( fed with 0° phase ) and gk (fed with 

90° phase) are used to steer the beam and these are given by [4] 
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                                                                         Wk   = Wk ÃÏÓËɻȢ                                                                   (2  

                     g
k
=В an [   Wk+nsin k+nŬ) + Wk+1ð n

sin ((k+1ð n) Ŭ) ]Ȣ  N
n=1                    (3) 

where an [4] are the coefficients of interpolation which are obtained using Singular Value 

Decomposition method (SVD) [5]. An introduction to the Singular Value Decomposition 

method is provided in Appendix I with a detailed discussion in [6]. A block diagram of the 

mathematical equations is described elaborately in [4].  

 

 

 

 

 

 

Figure 2. 2 Amplitude Array model [5] 

Basing on the above, it can be seen that the two antenna arrays work together with the 

elements of one array being fed with currents of 0° phase (shown in violet) and the other 

array fed with currents of being 90° phase. This is the key idea of beam steering with 

amplitude. Thus the amplitude array utilizes twice the number of radiating elements spaced 

at half the distance of a conventional array that uses phase shifters. Note that the elements 

fed with 0° phase have even symmetry and those fed with 90° have odd symmetry about 

the center of the array [4] . Costas [3] has considered an unused element at the beginning 

of the array in order to keep the number of elements with 0° and 90° excitations the same. 

This approach has been followed here as well even though it is not necessary as verified 

from the simulations. An overview of system is shown in Fig. 2.3. 
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 Figure 2. 3 : Block diagram of the implementation of the algorithm 

2.1.1 Idea of conventional beam steering using phase 

Fig. 2.1 shows a N element normal antenna array with each antenna shown by the 

circles in solid blue. These are stacked along the Z ï axis [1]. These are separated by a 

distance ódô. This array is steered using phase. Due to the arrangement of the antenna 

elements in the array , the signals radiated from the antennas have a path length difference 

that is given by ░  ▀╬▫▼Ᵽ ,where i is the element number shown in Fig. 2.1 and 

these signals combine in the far field giving rise to the required pattern.  

The signals radiated from each antenna combine and give rise to an array radiation 

pattern. This occurs due to the difference in the path lengths amongst the radiated signals 

from each antenna in the far field. By controlling the amplitude and phase of the signals 

from the antennas, the signals can be made to combine in a desired fashion and hence focus 

the energy to a different point in space, which is the idea of beam steering. This difference 

in phase between the signals fed to the antennas is achieved by multiple methods ï using 

phase shifters or using transmission lines of the specific lengths 

When multiple antennas are stacked together with a spacing ódô as shown in Fig. 2.1, the 

combination of all these antennas would contribute to Array Factor which is a combination 

of all the signals that are radiated from the antennas.  
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If Ὂ—ȟɲ , Ὣ—ȟɲ  and Ὢ—ȟɲ  are respectively the total radiation pattern, the individual 

element pattern and the array factor respectively in a specific plane [2], then the following 

relation holds true for the overall  array pattern calculation in that dimension  

Ὂ—ȟɲ  Ὣ—ȟɲ  Ὢ—ȟɲ Ȣ                                                     (4) 

In the event that the individual antenna element has a very broad pattern, then array factor 

will be the dominant term while calculating the radiation pattern and can be written as   

    Ὂ—ȟɲ  Ὢ—ȟɲ         as     Ὣ—ȟɲ ρȢ                                 (5) 

The above two equations describe the concept of pattern multiplication where the pattern 

of an array can be easily obtained. However, this above equation gives very good results 

when the mutual coupling or the interaction between the antennas in an array is low.   

From [2], the Array Factor, f   for an array with óNô antenna elements, shown in Fig. 2.1 is 

given by  

Æ   =  В  Im ejmɣ Ȣ                                                           (6) 

     ʕ  ɻ  ɼ Ä ÃÏÓ ʃ Ƞ ɻ  ɂ ɼ Ä ÃÏÓ ʃπȢ                                     (7) 

Thus, by modifying the phase shift parameter  ᴂɻ ᴂ , the antenna engineer can ensure that 

the main beam of the pattern moves in space.  This is the key idea of beam steering. It is 

up to the designer to determine how this phase shift is provided to the antenna elements. 

Phase shifters are generally used in order to provide the necessary phase shifts or in some 

cases, transmission lines can be used as well. In using transmission lines [7], one is 

restricted for they provide fixed shifts to a main beam that is moved only to a specific 

direction and this method does not have the flexibility of using phase shifters.  

One of the key points to note is that when the spacing between the antenna elements 

increases, the onset of grating lobes [2] occurs. Due to these, the array starts radiating in 

undesired directions and this leads to a drop in the efficiency. This onset of grating lobes 

in a linear array is dependent on the interlement spacing (d/ɚ) and the direction of steering 

(ʃπ) and is given by [2] 

                                                      Ä   ‗ 
ρ   ȿ ÃÏÓ ʃπ ÍÁØ ȿȢ                                                       (8) 
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The designer must take this into consideration and ensure that these do not arise. A detailed 

analysis of this is given in [1] and [2] and the interested reader is referred to these. The next 

section discusses the overall design of the amplitude based system. 

2.2 Overall design of the amplitude based system 

The amplitude based system has been described in section 2.1. It has twice the number of 

antenna elements that are spaced at half the distance of a conventional array. It can be seen 

that the realization of the amplitude based system comes with its own set of challenges 

which are discussed here.  

Higher Mutual Coupling:  

One of the key issues in the design of the amplitude array system is the closer spacing of 

the antenna elements due to interleaving. Due to this, higher mutual coupling and its 

associated effects between the antenna elements is likely and this would play a role in 

changing the behavior of the antenna elements [2]. This will be discussed in detail in the 

next section.   

Design of the 90° and 0° phase 

In order to excite the antenna elements, the antenna engineer should be able to provide 

alternate phases of 0° and 90°. This can be achieved with a hybrid or with the inclusion of 

meandered lines at each output port of the feed network or by any other method which the 

antenna engineer deems appropriate. 

Design of the feed-network 

In order to ensure that the signals are properly generated, the feed network is of critical 

importance as it should be able to provide alternate phases of 0° and 90° and in some cases 

180° phase shifts (to flip the sign when necessary). Further, it should also include 

attenuation mechanisms and anticipated mutual coupling reduction techniques to ensure 

that appropriately weighted signals are supplied to the antennas.   
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2.3 Mutual coupling and its effects 

In any antenna system, the signals radiated from one antenna element interact with the 

signals from other antenna elements that are radiating.  Due to this interaction the behavior 

of the antenna elements change [2]. Consider the situation elaborated down below. 

 

 

   

 

 

   Figure 2. 4 Mutual coupling in an antenna array 

In an array that has óNô elements fed with currents Ii and with terminal voltages Vi
 (i = 

1,2éN), the equation for the terminal impedance of antenna óiô can be written as follows in 

the absence of mutual coupling 

                                                             ὤ  = 
ὠ
ὍȢ                                                                  (9  

But in the presence of a second antenna which is radiating as well, currents will be induced 

in the first antenna and this plays a part in changing the behavior of the antenna impedance. 

Considering this for the two antenna case with (i = 1 and 2)  

                                                             ὠ  ὤ  Ὅ + ὤ ὍȢ                                                        (10  

                                                                ὠ  ὤ  Ὅ + ὤ ὍȢ                                                                       (11  

Dividing both sides of (10) by I1, the following relation is obtained 

                                                   ὤ  ὤ   + ὤ Ȣ                                                                   (12  
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Thus the impedance of antenna 1 is no longer Z11 but also dependent on Z12 and the ratio 

of the currents as well. Extending this, the input impedance for any antenna element óiô can 

be written as [2] 

                                        ὤ  ὤ  + ὤ éȢȢ ὤ Ȣ                                                   (13  

From the above, it can be seen that due to mutual coupling, the impedance of the antenna 

will be changed which gives rise to a change in the pattern and a change in the efficiency. 

The feed network may not be able to properly excite the element when the element 

impedance is changed due to mutual coupling. It is very critical for the designer to ensure 

that there is proper decoupling mechanism in the antenna array to ensure that the array 

works as expected.            

Compared to a conventional array that uses phase shifters, the amplitude array has twice 

the number of antenna elements that are spaced at half the distance which results in 

enhanced mutual coupling. Further, it is well known that the antenna elements at the center 

of the array are surrounded by two antennas on either sides and experience higher coupling 

than the antennas at the end of the array which are surrounded only on side [1] [2]. This 

needs to be considered as well while designing proper decoupling mechanism.  

2.4 Amplitude Array: Characterization without Mutual Coupling  

Any antenna array is characterized by its behavior with respect to the variation of 

parameters that include array length (size of the array or the number of the elements of the 

array N), the variation with the angle of steering (ɗo) and the spacing between the antenna 

elements  Ὠʇϳ  ratio. The performance of the amplitude array with regards to each of these 

parameters will be discussed below. 

In order to compare the performance of the amplitude array, a conventional array designed 

using phase shifters (Normal Array) with 37 elements and with spacing  Ὠʇϳ πȢσ is 

used as a reference. The currents supplied to each of these elements is 1A. Basing on the 

algorithm mentioned above, the currents of the amplitude array with 76 elements (including 

the unused element) are calculated for various steering angles. The values for the right half 

of the overall amplitude array is shown in Table 1. 
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  Table 1 Currents for the amplitude array elements 

Antenna Currents for 60° Currents for 90° Currents for 120° 

38    1.0000 + 0.0000i 1    1.0000 + 0.0000i 

39    0.0000 - 0.3665i 0    0.0000 + 0.3665i 

40    0.5878 + 0.0000i 1    0.5878 + 0.0000i 

41    0.0000 - 1.0318i 0    0.0000 + 1.0318i 

42   -0.3090 + 0.0000i 1   -0.3090 + 0.0000i 

43    0.0000 - 0.6795i 0    0.0000 + 0.6795i 

44   -0.9511 + 0.0000i 1   -0.9511 + 0.0000i 

45    0.0000 + 0.1378i 0    0.0000 - 0.1378i 

46   -0.8090 + 0.0000i 1   -0.8090 + 0.0000i 

47    0.0000 + 0.9038i 0    0.0000 - 0.9038i 

48   -0.0000 + 0.0000i 1   -0.0000 + 0.0000i 

49    0.0000 + 0.8826i 0    0.0000 - 0.8826i 

50    0.8090 + 0.0000i 1    0.8090 + 0.0000i 

51    0.0000 + 0.1610i 0    0.0000 - 0.1610i 

52    0.9511 + 0.0000i 1    0.9511 + 0.0000i 

53    0.0000 - 0.7083i 0    0.0000 + 0.7083i 

54    0.3090 + 0.0000i 1    0.3090 + 0.0000i 

55    0.0000 - 0.9900i 0    0.0000 + 0.9900i 

56   -0.5878 + 0.0000i 1   -0.5878 + 0.0000i 

57    0.0000 - 0.4481i 0    0.0000 + 0.4481i 

58   -1.0000 + 0.0000i 1   -1.0000 + 0.0000i 

59    0.0000 + 0.4442i 0    0.0000 - 0.4442i 

60   -0.5878 + 0.0000i 1   -0.5878 + 0.0000i 

61    0.0000 + 1.0021i 0    0.0000 - 1.0021i 

62    0.3090 + 0.0000i 1    0.3090 + 0.0000i 

63    0.0000 + 0.6872i 0    0.0000 - 0.6872i 

64    0.9511 + 0.0000i 1    0.9511 + 0.0000i 

65    0.0000 - 0.1295i 0    0.0000 + 0.1295i 

66    0.8090 + 0.0000i 1    0.8090 + 0.0000i 

67    0.0000 - 0.9277i 0    0.0000 + 0.9277i 

68    0.0000 + 0.0000i 1    0.0000 + 0.0000i 

69    0.0000 - 0.8395i 0    0.0000 + 0.8395i 

70   -0.8090 + 0.0000i 1   -0.8090 + 0.0000i 

71    0.0000 - 0.2342i 0    0.0000 + 0.2342i 

72   -0.9511 + 0.0000i 1   -0.9511 + 0.0000i 

73    0.0000 + 0.8472i 0    0.0000 - 0.8472i 

74   -0.3090 + 0.0000i 1   -0.3090 + 0.0000i 

75    0.0000 + 0.5184i 0    0.0000 - 0.5184i 
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Using these currents and the required spacing values, the radiation pattern of the amplitude 

array is obtained in MATLAB  and this does not include any mutual coupling effects. 

Variation in each of the parameters described above produces the results which are shown 

in Fig. 2.5.  As shown in Fig. 2.4, the elements of the amplitude array are half wave length 

dipoles with the arms of the dipole along the X-axis and which are stacked along the Z 

axis. In all the simulations that will be shown in this dissertation, the antenna pattern is 

mainly observed in the YZ plane with ɗ = 0Á being the end fire direction and ɗ = 90Á the 

broadside direction. This is the pattern where the omni-directional pattern of the individual 

dipole is observed and the overall radiation pattern is given by the array factor itself [5]. 

Steering angle variation:  Fig. 2.5(a) shows the behavior of the amplitude array when the 

main beam is steered to 50° and 120° with 76 elements and  Ὠʇϳ πȢρυ. Basing on the 

algorithm described before, the weights are calculated in order to steer the beam to the 

required direction. It can be readily seen that the antenna array is steered to the required 

direction which validates the idea. 

Spacing variation : Variation of the inter-element spacing between the antenna array 

elements is considered here. The spacing between the elements is considered for  Ὠʇϳ  

0.15 and 0.225 with the array steered to 60° with 76 elements is shown in Fig. 2.5(b). As 

the spacing between the elements increases, the directivity increases for the length of the 

array increases and hence the main beam becomes narrower. 

Number of elements: Variation of the number of elements or the array length is considered 

here. With an inter-element spacing of  Ὠʇϳ  = 0.2 and a steering angle set to 60°, the 

performance of the array with N= 60 and 116 elements is shown in Fig. 2.5(c). As the array 

length increases, the directivity increases and hence the main beam becomes narrower. 

The above show that the amplitude array works as expected in terms of variation in the 

parameters. The results show that the beam steers as expected and the amplitude array 

performance is very close to the conventional array.  
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Figure 2. 5:  (a) Steering angle variation (b) Spacing variation (c) Array size variation [5] 

(a) 

(b) 

 

 (c) 
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In order to see the performance of the amplitude array in comparison to the conventional 

array, the radiation patterns from the two arrays (Normal array with spacing of 0.3 ɚ and 

37 elements) and an amplitude array with spacing of 0.15ɚ and 76 elements (with the 

currents given in Table I) are compared. The patterns obtained are very similar.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. 6 Comparison of conventional and amplitude arrays - (a) ɗ0=60Á  (b) ɗ0=120° 

  

                                

(a)  

                                                

(b) 
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2.5 Amplitude Array: Characterization with Mutual Coupling  

In order to see the performance of the amplitude array in a real world environment, 

simulations were performed in ANSYS HFSS. The array that was used in HFSS had fewer 

elements compared to the one in MATLAB for the ease of simulation and a simple 

illustration is shown in Fig. 2.7. The arms of the dipoles in the array are along the X axis 

and the antenna elements are stacked along the Z axis as shown in Fig. 2.7. This ensures 

that in the YZ plane, each antenna element has an omnidirectional pattern and hence the 

total radiation pattern in this plane is given by the Array Factor itself [2]. 

An amplitude array of 20 elements (including the unused element which is not 

shown in Fig. 2.8) with ideal dipoles of length ɚ/2 and spacing 0.25ɚ at the designated 

frequency of 3 GHz was used.  For the sake of comparison, a conventional antenna array 

with 9 elements and with spacing of 0.5ɚ is simulated as well. The two antenna arrays are 

steered to various angles and the effect of mutual coupling is presented below. 

  

 

  Figure 2. 7  Dipole antenna array structure simulated in HFSS 

This simulation was performed in HFSS with each antenna element being excited with 

lumped ports. This is done in order to characterize the behavior of the antennas in the 

presence of mutual coupling. An overview of the two antenna structures is shown in Fig. 

2.8 with the interaction between the elements clearly shown. Only a couple of interactions 

are shown in Fig. 2.8 for illustrating mutual coupling. 

 



 

 38 

 

 

 

 

 

 

 

 

 

Figure 2. 8 Array structures with interactions: (a) Normal Array (b) Amplitude Array 

From the simulations performed in MATLAB, it can be clearly seen that the amplitude 

array works very similar to the conventional antenna arrays in terms of the radiation pattern 

and in its ability to steer the beam. As the number of antenna elements increase, the 

radiation pattern of the amplitude array tracks the normal array even more closely. 

Fig. 2.8(a) indicates the element of the normal array and Fig. 2.8(b) indicates the elements 

of the amplitude array with the elements fed by 0° and 90° phase shown by the circles with 

the red checkered pattern and solid blue circles respectively. Fig. 2.9 indicates the actual 

values of coupling that are calculated from HFSS for both of the arrays. Coupling values 

considered here are for the elements at the center of the array as well as for the elements at 

the end of the array for the interaction would be different. Scattering parameters are used 

to denote the behavior of the antenna elements in the array. 

   Table 2 Coupling comparison for the arrays 

Normal Array Amplitude Array 

S12 = -15.09  dB            S12     = -7.74 dB 

S13 = -20.25 dB    S13      = -13.93 dB 

S76 = -16.52 dB    S13 12   =  -6.65 dB 

S78 = -16.02 dB    S13 14    = -6.65  dB 

             

(a) 

        

(b) 

     



 

 39 

 

 

 

 

 

 

 

 

  Figure 2. 9 Coupling comparison with ideal dipoles 

In the case of the normal array, the parameters of S12 and S13 are considered for the elements 

at the ends of the array and S76 and S78 for the elements at the center of the array where the 

antenna is impacted from both sides. In a similar fashion for the amplitude array, S12 and 

S13 for the elements at the end and S13 12 and S13 14 are considered for the elements at the 

center of the array. The elements 13 and 14 are chosen so that the position of the antennas 

in both the arrays line up as seen in Fig.  2.8. These results are tabulated in Table 2. 

It can be clearly seen that higher coupling exists in the case of the amplitude array, 

especially in the cases of the antennas that are at the middle of the array for they are 

impacted by antennas on either sides. It should be noted that these antenna arrays are fed 

with lumped ports and the gain does not include the feed network. Further, in extreme 

cases, mutual coupling can introduce scan blindness due to which the power supplied is 

reflected rather than radiated [2] which is undesirable. Mutual coupling is a key issue that 

needs to be addressed along with the design of the proper feed network that would provide 

the required excitations. These will be elaborated in the next chapters. 
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CHAPTER 3  

DESIGN OF THE DIPOLE  

This chapter deals with the design of the actual dipole that will be fabricated and used as 

the antenna element. The effect of various parameters that need to be optimized in the 

design of the dipole to achieve an efficient antenna at 3 GHz is discussed. The simulated 

results are presented along with the design of the slot in the aluminum ground plane. The 

chapter concludes with the measured results of the individual dipole that are obtained by 

testing the antenna in the antenna chamber. 

3.1 Design of the Dipole 

A microstrip version of the dipole based on [8] [9] is utilized which involves the use of an 

integrated balun. An illustration is shown in Fig. 3.1.  

    (a)  
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         (b) 

Figure 3. 1 Microstrip dipole design  (a): Dipole on the back layer of the substrate 

   (b): Zoomed in view of the dipole on the back layer  

   (c): Balun Feed line on the top layer  

A brief introduction to the microstrip dipole with an integrated balun is presented here with 

an elaborate discussion presented in [8] [9] . The dipole antenna is etched on the back 

copper layer of the microstrip line shown in Fig 3.1(a). The angle of the two arms of the 

dipole are optimized to obtain the best pattern possible and the zoomed in view of the 

dipole is shown in Fig 3.1(b). This dipole has an integrated balun that is fed with a feed 

line which is present on the top layer (in orange) as shown in Fig 3.1(c).  
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The feed line consists of an inverted U (or L) shaped balun which is a combination 

of a microstrip line and an open circuited stub with impedances given by Za and Zb. The 

load impedance is given by ZL. The two arms of the dipole on the back layer have the 

impedance Zab. The equivalent circuit for the structure is given in Fig. 3.2. An in depth 

detail is provided in [8]. This microstrip dipole lends itself to easy fabrication and 

integration and will be used as the fundamental element in the design of the antenna array.  

 

  Figure 3. 2  Equivalent structure of the designed dipole [8] 

The design of the dipole which is fabricated on FR-4 substrate (Ůr = 4.4 and 

substrate height of 0.508mm (20 mil)) comes with its own set of parameters that need to 

be characterized. The main ones include the length of the dipole arms, the width of the feed 

and the angle of the arms. In order to make the pattern unidirectional, the antenna is placed 

in a slot made in aluminum which hold the antenna. The dipole is held up away from and 

is placed parallel to the ground plane as will be shown in the ground plane discussion. This 

also provides a method to hold the antennas upright when the entire array is built and 

mounted on the turn table. The dimensions of the slot need to be properly characterized. 

Further, the effect of these parameters on the omni-directional pattern (as described before) 

that is to be generated by the antenna in the ground plane needs to be investigated as well. 

These are dealt with in this section. 
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3.1.1 Simulated results without the ground plane 

Fig. 3.3 indicates the main dimensions of the antenna structure that are to be optimized in 

order to have the S11 at the designated frequency of 3 GHz without the ground plane. These 

are the bottom plane length and the width of the slot as indicated. The dipole antenna should 

have an omnidirectional pattern in the plane perpendicular to the arms of the dipole (YZ 

plane here in this design). Figs. 3.4 and Fig. 3.5 indicate the effect of bottom plane length 

and the slot width on the omnidirectional patterns. Simulations which show the effect of 

ground plane are presented next. 

Figure 3. 3  Dipole antenna structure -  parameters to be optimized 

  Figure 3. 4 Effect of the bottom plane length: Omnidirectional pattern 
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Figure 3. 5 Effect of the slot width on the pattern- Omnidirectional pattern   

From the above figures, it can be clearly seen that an omnidirectional pattern is obtained 

which confirms the working of the dipole in simulation. Further, there does not seem to be 

a huge effect of the two parameters of slot spacing and the length of the bottom plane. 

Simulations of the antenna in the aluminum ground plane and given next and the final 

optimized parameters are presented at the end of the discussion.        

3.1.2 Ground plane  

The antenna that is designed is placed in the slot in a sheet of aluminum which acts as a 

ground plane. This provides unidirectional radiation of the antenna in the plane of interest 

and also gives a mechanism by which the entire array can be held.  

Fig 3.6(a) describes the slot that is made in the aluminum to house the antenna. In order 

for the entire array to be placed in this sheet of aluminum, multiple similar slots which are 

separated by a distance of ɚ/4 (at the designated frequency of 3 GHz) are built. This is to 

ensure that the same ground plane can be used for testing the normal array which has five 
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elements as well as the amplitude array which has twelve elements with the first one not 

excited as discussed in the previous chapter. The side view is shown in Fig 3.6(b).  

  A complete description of the overall aluminum ground plane with multiple slots is 

provided in Chapter 5.  

  (a)  

                                        (b)  

Figure 3. 6 Aluminum ground plane with the slot:  (a)  Top View  

          (b)  Side View                                                                                      
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3.1.2.1 Simulated results with the ground plane 

The antenna is placed in the slot in the aluminum plane. An illustration of the dipole placed 

in the slot is shown in Fig. 3.7. A closer look at the individual parameters that are optimized 

with the antenna in the slot is shown in Fig. 3.8. Another important parameter that needs 

to be optimized is the angle of the arms of the dipole and characterize their effect on the 

radiation pattern especially in broadening the beam width for this design. 

  Figure 3. 7 Antenna placed in the slot 

  Figure 3. 8 Parameters of optimization 
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Figure 3. 9 Effect of slot width 

Figure 3. 10 Effect of the width of the dipole columns 

Fig. 3.9 and Fig 3.10 indicate the effect of the width of the slot in aluminum and the effect 

of the width of the dipole columns on the radiation pattern in the azimuthal plane. Due to 

the presence of the ground plane, it can be clearly seen that the actual patterns which have 
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been circular till now transform into the radiation being concentrated in one direction only 

with back lobes at the other end. The width of the dipole columns has a significant effect 

on the pattern obtained while the slot width has very minimal effect. The goal of the 

optimization is to ensure that the antenna is resonant at 3 GHz with good S11 and still 

possess a broad beam width along with a good signal strength that does not deteriorate even 

at around 30° off broadside (or 90°). Once the proper values are chosen for these 

parameters, the next step is to optimize the arm angle on the pattern. This is optimized in a 

parametric sweep in HFSS to obtain the best pattern and the results of the optimization of 

the arm angle is shown in Fig 3.11.  

Figure 3. 11 Optimization of the angle of the arms of the dipole 

The optimized antenna is placed in the slot in the ground plane and is shown in Fig. 3.12. 

The simulations performed here do not show the connector specifically but a provision 

needs to be made in the fixture so that a cable can be connected to the antenna. The final 

goal is to manufacture several slots in the ground plane for the other elements in the array 

and design the working models of the Amplitude array and Normal array and compare the 

performance of these arrays. This will be discussed in detail in Chapter 5.  Fig. 3.13 shows 

the S11 of the dipole element in the GND plane and it works well at the designated 

frequency of 3 GHz. 
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Figure 3. 12 Final optimized design of the dipole antenna  

 

 

Figure 3. 13 S11 of the dipole antenna in the GND plane 
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The overall dimensions of the manufactured antenna are shown in Table 3. The individual 

parameters are shown in Fig. 3.14. 

(a) 

(b) 

 

 

 

 

 



 

 51 

 

 (c) 

Figure 3. 14 Dimensions of the optimized dipole antenna 

Table 3 Dimensions of the overall antenna 

Dimension Value (mm) 

s1 0.3608 

s2 29.8608 

s3 12.6858 

s4 4.0358 

s5 66.2751 

s6 20 

s7 30 

s8 17.4251 

s9 7.4498 

s10 0.1 
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Once this model design is finalized, it is fabricated on an FR-4 substrate of height 0.508mm 

(20 mil) and with copper thickness of 35um. The front and back portion of fabricated 

designs are shown in Fig. 3.15 and Fig. 3.16.  

Figure 3. 15 Front side of the fabricated antenna showing the feed 

 

Figure 3. 16 Back surface of the dipole antenna  

 

3.1.3 Measured Results  

The antenna that is designed in HFSS has been manufactured on the FR-4 board of 

thickness 0.508mm (20 mil). Since this is a structure with the balun on the top and the 
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dipole at the bottom, a double sided mill is performed on the substrate. The S11 of the circuit 

designed above is placed in the ground plane and tested and the result is provided in Fig. 

3.17.  

The block diagram shown in Fig. 3.18 indicates the testing of the antenna in the 

chamber. The antenna testing system that is used is the DIAMOND ANTENNA 

MEASURING SYSTEM (DAMS) which has the transmitter horn mounted at one end of 

the chamber and the receiver antenna (or antenna array once the array is built) mounted on 

a rotating platform. The received signal from this array is fed into a network analyzer from 

which it is accessed using GPIB into the DAMS software which plots the radiation pattern 

- received signal vs angle as the platform rotates. The platform does complete 360° 

rotations and the step size of rotation can be set by the user. Once the data is collected, this 

software enables it to be saved as a .txt file which can be read into MATLAB and processed 

and plotted. This is the functionality of the DAMS system whether an individual antenna 

is measured or an entire array is measured 

A horn antenna is used for testing and the designed antenna is placed on a turn table 

and the received signal is plotted. The pyramidal absorbers shown in blue absorb any 

electromagnetic waves that are incident upon them thus ensuring that no reflected waves 

interfere with the measurement. The received signal is processed and the results of the 

radiation patterns are shown in Fig. 3.19.  

The antenna is initially tested without  the aluminum ground plane in the antenna 

chamber and then with the ground plane to obtain the characteristics.  

 

 

 

 

 



 

 54 

 

 

 

 

 

 

 

 

Figure 3. 17 Measured S11  of the dipole  

 

 

 

 

 

    

 

Figure 3. 18 Antenna chamber block diagram 
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  Figure 3. 19 Antenna chamber results ( no GND plane )  

The antenna is tested without the ground plane to ensure that the dipole is working as 

expected. From the above figure, it can be clearly seen that an omni-directional pattern 

similar to the one from simulation is obtained. Once this is obtained, the next step is to 

verify the functionality of the dipole antenna in the ground plane. The antenna is placed in 

the slot made in aluminum ground plane and it is fixed with the help of a screw at the 

bottom as shown in Fig. 3.20. It is then properly mounted in the antenna chamber and the 

radiation pattern is obtained which is shown in Fig 3.21. 

 

 

 

 

 

 

   

Figure 3. 20   Testing of Dipole in the GND plane 
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Figure 3. 21 Antenna chamber results ( with GND plane ) :  Omnidirectional pattern   

From the above figure, it can be clearly seen that the dipole in the ground plane works as 

expected. The pattern is present in the upper half of the plane which is similar to 

simulations and it is resonant and has a good frequency response at 3 GHz. Thus, it has 

been shown the fundamental element of the array is working as expected.  

 Once the design of the antenna has been completed, the next steps are to design the 

feed networks and the antenna arrays which will be the topic of discussion of successive 

chapters. 
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CHAPTER 4  

FEED NETWORK AND INTERCONNECTION  

This chapter focuses on the design of the feed-network and the interconnection of various 

blocks that complete the antenna system. The design of the feed network for a Normal 

array as well as an Amplitude array and their associated results are discussed in detail. A 

couple of designs including the widely used Wilkinson power splitter are considered for 

the feed network. This is followed by an in-depth insight into the interconnection of various 

blocks with their own S-parameters and the design of the resultant S matrix.  

4.1 Feed Network Design 

In order to excite the antenna elements in the array, a feed network that provides the 

appropriate signal strengths is essential. The main components in this network include the 

power splitter, attenuators/phase-shifters for the Amplitude and the Normal array 

respectively. Two main designs are considered for the Power Splitter ï one based on [10] 

and the other is the widely used Wilkinson Design [11]; both of them will be discussed 

here. 

4.1.1 Design 1: Power splitter for a 1xN array 

This design based on [10] offers a flexible method of creating a power splitter that could 

be used to power the antenna elements in any array. A brief overview is presented here 

with an elaborate explanation in [10].  

Basing on the number of output ports (N), the design of the splitter is initiated which results 

in the calculation of the resistor values that are to be used in the various output arms. The 

resistors in various branches ensure that the signal level is uniformly split and the same 

signal level is obtained across all output branches. In order to match the input impedance 

of the splitter to 50ɋ, a Quarter wave transformer is generally used.  The design of this 

splitter for a 3 element antenna array is shown below in Fig. 4.1. 
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 From Fig. 4.1, it can be seen that the resistors employed are different in each branch and 

these are dependent on the number of output ports (N). These resistors ensure that the 

output signals from each branch are of the same strength. Due to the usage of transmission 

lines shown in solid blue, the signals at the output branches are different in phase for the 

electrical length traversed by the signals is different in each branch. Hence, transmission 

lines to equalize the phases are used at the end of each branch (shown in checkered red).  

   Figure 4. 1 Design of a power splitter (using [10]) 

This is the main building block for the feed array for the normal array. A normal antenna 

of 5 elements is to be excited using this splitter with N = 5 for illustration. The results of 

this splitter are shown in Fig. 4.2 at 3 GHz. It can be clearly seen that the signal strengths 

have uniform amplitudes and the phases are all lined up. 

 

(a)  
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                                        (b) 

Figure 4. 2  Results of (a) Mag (Sn1) in dB (b) Phase of (Sn1) in degrees 

The above splitter can be easily transformed to work for the amplitude array case. 90° 

hybrids (with isolated port matched in 50ɋ shown in green in Fig. 4.3) are added at the 

output in order to generate the 0° and 90° phase shifts required for the alternating signals. 

 Figure 4. 3 Design of a power splitter for the Amplitude array (using [10]) 

This is the main building block for the feed array for the amplitude array. An amplitude 

antenna of 11 elements is to be excited using this splitter (N = 11) for illustration and the 
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results of this splitter are shown in Fig. 4.4 at 3 GHz. It can be seen that the signal strengths 

have uniform amplitudes and the phases out of the even and the odd ports are all lined up. 

               (a) 

 

                                                                (b) 
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                                                                  (c) 

 Figure 4. 4 Results of (a) Mag (Sn1) in dB  

     (b) Phase of even (Sn1) in degrees                        

     (c) Phase of odd (Sn1) in degrees   

Basing on the above, this is a good choice for generating the proper signal strengths that 

are needed to power the antenna array. The widely used Wilkinson splitter is dealt with 

next in brief.  

4.1.2 Design 2: Wilkinson Power splitter for a 1xN array 

A very commonly used power splitter is the Wilkinson Power splitter which has been 

studied in great detail. Pozar [11] discusses the design of the equal and unequal Wilkinson 

power splitter and provides the design steps for the splitter. Care must be taken to ensure 

that in the case of unequal Wilkinson power splitters, appropriate line lengths must be 

added to ensure that the phases of all the output ports are aligned. Further, the impedance 

of the line has an effect on the width - the higher the impedance, the thinner the line 

becomes and the more difficult it is to fabricate. A design of an unequal Wilkinson divider 

[11] has been provided for reference in Fig. 4.5. These values are used as a starting point 
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in the simulation tool ADS to generate the line widths and lengths and the performance is 

verified in ADS.   

Figure 4. 5 Design of a Unequal Wilkinson power splitter [11] 

The two designs above work as expected. However, due to the usage of equalization lines 

that have to be provided and the number of resistors that need to be soldered in the first 

design, the Wilkinson divider is preferred for the design of the arrays.  

4.1.3 Feed Network for a Normal Array 

Fig. 4.6 shows the design of a feed network that utilizes unequal Wilkinson powers to feed 

a five element antenna array. All the elements are uniformly excited (have the same 

amplitude) in this array. As seen from the figure, the first power splitter is an unequal 

Wilkinson Power splitter that is designed to split the incoming signal in the ratio of 2:1 into 

the upper and lower arms respectively. After that the signal is further split with the help of 

equal split dividers thus ensuring that all the output ports have the same magnitude. It must 

be noted that for the lower half of the circuit, an extra length of line has been added to 

ensure the phase is matched for all the output ports as well. Fig. 4.7 shows the layout of 

the feed network that will be used and will be discussed in detail in the upcoming sections. 

The normal array in this work has 5 antenna elements and the amplitude array has 11 

elements as discussed in the previous chapters. This is done keeping in mind the 

dimensions of the turn table as well as the ability to demonstrate appreciable beam steering. 

Since the feed network is used to power a 5 element array, the bottom most arm is 

terminated in a matched load.  
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 Figure 4. 6 Design of the feed network with unequal Wilkinson power splitter [11] 

  Figure 4. 7 Feed network diagram for a normal array  

From the previous chapters on beam steering, it can be easily seen that in the case of the 

Normal array, the phase-shifters have to provide integral multiples of the parameter óŬô 
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(discussed in Chapter 2 and [2]) in order to ensure that the beam is steered to the direction 

ʃπ. 

                      ɻ  ɂ ɼ Ä ÃÏÓ ʃπȢ                    

The power splitter is followed by a block of phase shifters or using meandered lines to 

supply the integral multiple of the required phase shift parameter. The signals, thus 

generated are provided to the antenna elements thus completing the entire system as shown 

in Fig. 4.8. 

 Figure 4. 8 Overall model of the Feed network for the Normal array 

4.1.4 Feed Network for the Amplitude Array 

Design ï I  

Fig. 4.9 indicates the feed-network schematic for an amplitude array. The blocks shown in 

green indicate the 3 port hybrid which is a four port hybrid with the isolated port terminated 

in a matched load as shown in the inset. The design of the hybrid network is discussed in 

detail in Pozar [11]. A point to note is that Costas [3] has considered an unexcited antenna 

element in the beginning of the array. This is done to ensure that the number of elements 

fed with 0° and 90° are the same and to ensure that the 90° elements have an odd symmetry 

around the center of the antenna array [3] [4].  
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 Figure 4. 9 Feed Network diagram of an amplitude array ï Design I  

Due to this, the first output arm is terminated as shown. The attenuators which are used in 

the path provide the required weights that have been calculated in order to steer the beam 

to the specified direction. The design of the attenuators is dealt in detail in Chapter 5. One 

of the key things to keep in mind is that the hybrid provides an equal split between the 

antenna arms and provides a 90° phase shift between the signals in the output arms. The 

actual phases of the signals need not be 0° and 90°. Extra lines might have to be added to 

accomplish this in this design. Further, since negative coefficients are allowed in the design 

algorithm by Costas [4], a provision for a 180° also needs to be provided in the cases that 

require it. 

Design ï II  

Fig. 4.10 indicates another feed-network schematic for an amplitude array. This design 

uses Wilkinson Power dividers instead of the hybrids as indicated above. The twin goals 

of realizing an equal split at the last stage and proper 90° phases (with meandered lines) 

are satisfied easily in this case. Attenuators are used to assign the appropriate weights to 

the signals before they are fed to the antennas and this is dealt in detail in chapter 5. 
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Figure 4. 10 Feed Network diagram of an amplitude array ï Design II  

4.2 Interconnection of various blocks 

When multiple components with their own Scattering parameter matrices are 

interconnected, the overall values of ai and bi in the final circuit is obtained using the 

method of interconnection. A brief overview is presented here with a comprehensive 

discussion presented in Gupta,Garg and Chaudha [12]. 

Two methods are mainly discussed in [12] for interconnected networks which are the 

connected scattering method and the multiport interconnection method. The second 

method is discussed in detail for it is much better suited to the present situation as the first 

method does not allow for external ports to be connected [12].  

Multiport interconnection method  

Å Consider a n/w with multiport components with ópô external ports and ócô internal 

ports. The overall scattering matrix for the network is denoted by S and the general 

equation is  
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                           ╫  ╢ ╪.                                                          (14) 

where b, S and a are all matrices. 

Å The matrix is reordered so that the variables can be separated into two groups ï p 

and c and hence the above equation can now be written as     

                                 
ὦὴ
ὦὧ

  = 
ὛὴὴὛὴὧ
ὛὧὴὛὧὧ

ὥὴ
ὥὧ

 and with ╫╬  ː ╪╬.                  (15) 

where ɻ is the connection matrix 

                                               ╫▬          ╢▬▬ ὥ▬  ╢▬╬ ὥ╬  .                                         (16) 

                                   ╫╬          ╢╬▬ ὥ▬  ╢╬╬ ὥ╬  .                                          (17) 

                                    Using ː ╪╬     ╢╬▬ ὥ▬  ╢╬╬ ὥ╬                                                 

                                                                     ╪╬     ː  Ȥ 3ÃÃ  ╢╬▬ ὥ▬ .                                               (18) 

                       Thus      ╫▬         ╢▬▬ ὥ▬  ╢▬╬ ː  Ȥ 3ÃÃ  ╢╬▬ ὥ▬ .       (19) 

Thus, it can be seen that ╢▬=    ╢▬▬   ╢▬╬ ː  Ȥ 3ÃÃ  ╢╬▬ .                                           (20) 

The above concept can be illustrated with the help of an example which would make it 

very clear. This is also referred from [12]. 

 Consider three components ï A, B and C with their own individual S matrices SA, SB and 

SC respectively as shown in Fig.  4.11. A is a two port network and B is a three port network 

and C is a one port network and their S parameter matrices are of similar sizes as well with 

SA, SB and SC being a 2x2, 3x3 and a 1x1 matrix respectively. These are interconnected as 

shown in Fig. 4.12. As it can be clearly seen that the final network has 2 external ports and 

four internal ports.  
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Figure 4. 11 Individual components with their S matrices 

 

 

Figure 4. 12 Interconnected model  

The equations for the components are written down basing on their S matrices. Based on 

their interconnection, the equations are properly arranged. It must be noted in this case, 

ports 1 and 4 are the external ports through which the user can send and receive signals 

while the rest of the ports are internal. Thus p = 2 which indicate the external ports and c 

= 4 which indicate the internal ports. Thus, the overall S matrix will be a 6x6 matrix in 

terms of 4 submatrices Spp, Spc, Scp and Scc. The interconnection matrix  ɻ between the 

internal ports can be shown as   

 

 

 

 

 

 

 

 

{
Ŏ
 {

!
 {

.
 

6 1

1

1 

5 

2 

3 4 

 

 

 

 

 

 

 

 



 

 69 

 

From the above, it can be seen ╪╬     ː  Ȥ 3ÃÃ  ╢╬▬ ὥ▬  and from this bp  can be 

calculated as described above. This gives the overall signals present in the interconnected 

system. These can be used to calculate the ratio of powers or the currents that are present 

in the system once the value of a1 (which is the input signal strength) is decided upon.  

With this background, the interconnection of the feed-network and the entire array of 

antennas is discussed for the Normal and Amplitude Arrays. The generic feed-network is 

described by a 6x6 (one I/P and five O/P ports) matrix in the case of the Normal Array and 

by a 12x12 (one I/P and eleven O/P ports) matrix in the case of the Amplitude Array. The 

antenna arrays in the cases of the Normal and the Amplitude Arrays are described 

respectively by a 5x5 and a 12x12 scattering matrices. 
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4.2.1 Interconnection of the Feed and the Normal Array 

For the case of the normal array of 5 antenna elements and its corresponding feed-network, 

the interconnection diagram is as shown below. This is just a block diagram indicating the 

various blocks in the system with the actual elaborate description of the feed and the results 

deferred to the next chapter. Fig. 4.13 shows the overall system level block diagram for the 

conventional antenna array.  

 

  Figure 4. 13 Model of the interconnected Normal Array 

 

4.2.2 Interconnection of the Feed and the Amplitude Array  

For the case of the amplitude Array of 12 antenna elements and its corresponding feed-

network, the interconnection diagram is as shown below. Fig. 4.14 describes the amplitude 

array system.   
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Figure 4. 14 Model of the interconnected amplitude array 

Basing on the discussion above, the overall models have been designed and the 

interconnection algorithm is written in MATLAB and this is used to calculate the signals 

that go in and out of each component in both of the arrays. 
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CHAPTER 5  

FEED NETWORK AND ARR AY RESULTS   

This chapter focuses on the description of the final feed-networks that are simulated and 

fabricated for the normal and amplitude arrays. Depending on the dimensions of the turn 

table in the antenna chamber and keeping mind the requirement to show appreciable beam 

steering, a normal array of 5 elements and an amplitude array of 12 elements ( with the 

first element not excited ) is finalized for the design and testing phase.  The appropriate 

weights of the amplitude array to steer to the required beam steering angles of 45°, 60° and 

90° are shown in Table 4. 

The feed networks are simulated and fabricated on Rogers Duroid substrate (Ůr= 2.2, 20 

mil thick-0.508mm and which has a copper thickness of 35ʈm). A detailed discussion on 

the simulated as well as measured results from these two networks is presented for the three 

beam steering angles of 45°, 60° and 90°.  

   Table 4 Weights for the various beam steering angles 

 45° 60° 90° 

Antenna 2 0.7658 ɦ -90 0.1974 ɦ -90 0.0000 ɦ 0 

Antenna 3 0.2663 ɦ 180 1.0000 ɦ 180 1.0000 ɦ 0 

Antenna 4 0.1062 ɦ -90 0.6316 ɦ 90 0.0000 ɦ 0 

Antenna 5 0.6057 ɦ 180 0.0000 ɦ 0 1.0000 ɦ 0 

Antenna 6 0.6928 ɦ 90 0.6316 ɦ 90 0.0000 ɦ 0 

Antenna 7 1.0000 ɦ 0 1.0000 ɦ 0 1.0000 ɦ 0 

Antenna 8 0.6928 ɦ -90 0.6316 ɦ -90 0.0000 ɦ 0 

Antenna 9 0.6057 ɦ 180 0.0000 ɦ 0 1.0000 ɦ 0 

Antenna 10 0.1062 ɦ 90 0.6316 ɦ -90 0.0000 ɦ 0 

Antenna 11 0.2663 ɦ 180 1.0000 ɦ 180 1.0000 ɦ 0 

Antenna 12 0.7658 ɦ 90 0.1974 ɦ 90 0.0000 ɦ 0 
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5.1 Feed network: Design and results  

5.1.1 Design of the Normal Array feed networks  

For the normal array, a 1x6 Wilkinson power divider with appropriate lengths of line to 

provide integral multiples of the required phase shift parameter óŬô is used. As described 

before, the bottommost output port is terminated in a matched load, thereby obtaining a 

feed network to power the 5 antennas for the normal array. Three networks are designed in 

order to steer the beams to the required angles of 45°, 60° and 90°. In case of the 90° angle 

(broadside steering), no extra lines need to be added. A key point to note is that the first 

power splitter at the input is an unequal split Wilkinson which splits the power in a ratio of 

2:1. The design of an unequal Wilkinson is dealt with in detail in [11]. Further, in order to 

ensure that the signals from the lower arm of the unequal split Wilkinson are aligned in 

phase with the signals from the upper arm, an extra length of line that is carefully calculated 

is placed as shown in Fig. 5.1. This ensures that the signals that come out of the feed 

network are aligned in phase and have equal magnitude. 

 

Figure 5. 1 Normal Array feed-network for broadside steering ï Normal Array 
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Figs. 5.1, 5.2 and 5.3 show the designed models of the feed-networks in HFSS 

which are fabricated. Depending on the value of the phase shift parameter ɻȟ meandered 

lines are designed to provide the required integral multiples of the phase shift parameter 

keeping phase wrapping in consideration so that the beam is steered to the desired direction.  

Figure 5. 2 Normal Array feed-network for 60° steering ï Normal Array 

Figure 5. 3 Normal Array feed-network for 45° steering ï Normal Array 
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5.1.2 Results of the Normal Array  feed networks  

5.1.2.1 Simulated results 

The results obtained from the simulation of the above three feed-networks are shown 

below. Fig. 5.4 (a) and (b) show the magnitude of the output signals and the phases for the 

broadside case. Figs. 5.5 and 5.6 show the outputs for the 60°and 45° cases. 

 

(a) 

(b) 

Figure 5. 4 Results from HFSS simulation for broadside case: (a) Magnitude 

                                 (b) Phase                          
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(a) 

 (b) 

 Figure 5. 5 Results from HFSS simulation for 60° case: (a) Magnitude 

                                                                                             (b) Phase    

As clearly seen, the signal strengths entering into the antennas are very much alike in 

magnitude and differ only in the inter-element phase shift that is provided at the required 

frequency of 3 GHz. A discussion on the phases that are obtained is presented below. 
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(a) 

(b) 

Figure 5. 6 Results from HFSS simulation for 45° case: (a) Magnitude 

                                                                                                (b) Phase    

The inter-element phase of the signals from the output ports of the feed network need to be 

proper for the steering of the beam to occur. Keeping in mind the effect of phase wrapping 

of signals, the meandered lines have been carefully designed in order to meet the required 

integral multiple of the phase shift parameter óŬô. Table 5 shows the theoretical value of 

óŬô for the three beam steering angles and Table 6 shows the values from simulation. 

Table 5 Required inter-element phase shift óŬô  for the Normal array 

 Broadside 60° steering 45° steering 

 óŬô   Needs to be same 

phase for all ports 

 

-90° 

 

-127° 

 

 

 

 



 

 78 

Table 6 Results of the simulated feed networks for Normal Array 

Output port 

parameter 

    Broadside case     60° case     45° case 

 Mag      

(dB)    

 Phase 

(°) 

Mag    

(dB)   

 Phase 

(°) 

Mag 

(dB)      

 Phase 

(°) 

S (2,1) -8.24153 -92.6029 -8.37791   0.844 -8.6829 0.7853 

S (3,1) -8.24503 -92.8946 -8.54736  -89.033 -8.6052 -126.555 

S (4,1) -8.24871 -93.2275 -8.3285 -178.231 -8.5670 106.099 

S (5,1) -8.23523 -93.3624 -8.48348   80.768 -8.7559 -21.4006 

S (6,1) -8.3727 -93.8677 -8.23353   0.500 -8.0459 -146.501 

S (7,1) -8.38354 -94.1003 -8.35158 -90.031 -8.0829 83.1778 

 

From Tables 5 and 6, the magnitudes of the signals from the output ports are very 

similar. Further, it can be clearly seen that for the case of broadside steering, the phases of 

the output signals are very similar. In the case of the 60°, the inter-element phase shift is 

close to -90° and in the case of the 45°, it is close to -127° degrees which indicate the feed 

network is working as designed. It must be kept in mind that due to phase wrapping, the 

values of the phase are adjusted to be between -180° to 180°. 

5.1.2.2 Measured results of the normal array 

The above designed networks in the simulation software are used to generate the Gerber 

files which are the layout files that are used for fabrication in the milling machine. The 

substrate material that is used for the feed-networks is Duroid (0.508 mm (20 mil) thick 

and with Ůr = 2.2).  Since this is a single layer board, copper is etched only from one side 

leaving the other side intact.  Proper connectors are soldered to the inputs and outputs. The 

fabrication of the feed network is different from the antennas that were fabricated where 

copper had to be removed from both sides of the substrate. The above designed feed boards   

are tested with the Vector Network Analyzer (VNA) to give the magnitude and the phase 

characteristics. The manufactured boards are shown in Figs. 5.7-5.9 and results are shown 

in Figs. 5.10-5.12 for broadside, 60° and 45° respectively.   
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  Figure 5. 7 Normal Array feed-network board for 90° steering 

 

 

 

 

 

 

  Figure 5. 8 Normal Array feed-network board for 60° steering 

Figure 5. 9 Normal Array feed-network board for 45° steering 
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(a) 

(b) 

Figure 5. 10 Measured results for broadside case: (a) Magnitude 

                                                                                       (b) Phase    
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(a) 

(b) 

  Figure 5. 11 Measured results for 60° case: (a) Magnitude 

                                                                                        (b) Phase    
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(a) 

(b) 

 Figure 5. 12 Measured results for 45° case: (a) Magnitude 

                                                                           (b) Phase    

The measured results of the magnitude and the phase for the three feed networks is 

shown in Table 7.  

 Table 7 Results of the fabricated feed networks for Normal Array 

Output port 

parameter 

    Broadside case     60° case     45° case 

 Mag      

(dB)    

 Phase 

(°) 

Mag    

(dB)   

 Phase 

(°) 

Mag 

(dB)      

 Phase 

(°) 

S (2,1) -9.1895 -99.97 -9.4391 171.4372 -9.6155 175.2328 
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S (3,1) -9.2433 -98.31 -9.5686 87.4771 -9.8403 52.6810 

S (4,1) -9.1532 -93.45 -9.3460 -13.7702 -11.6632 -116.557 

S (5,1) -9.4246 -96.87 -10.8669 -104.272 -11.0439 121.9019 

S (6,1) -9.5679 -101.27 -10.3274 156.6712 -10.7884 3.4327 

 

From Table 7, it can be clearly seen that for the case of broadside steering, the 

phases of the output signals are very similar. In the case of the 60°, the inter-element phase 

shift is close to -90° and in the case of the 45°, it is close to -127° degrees which indicate 

the feed network is working as designed. It must be noted that the phase shift that is 

required is only a relative phase shift compared to the phase of the first output port which 

is port 2. The results that are obtained are very close to those obtained in Table 6 which 

shows the simulated results. There is a slight change in the signal strength which can be 

attributed to the fabrication of the circuits. 

5.1.3 Design of the Amplitude Array feed networks  

As discussed in the previous chapters, the feed network in the case of the amplitude array 

has to provide the correct weights to the signals along with the desired phases of 0° or 90°. 

These weights are calculated in MATLAB and are shown in Table 4 and these are 

accomplished in the actual feed network with the help of T - attenuators. 

T-attenuator value calculations: 

In order to assign weights, T-attenuators that have a system impedance of 50 ɋ are chosen. 

Depending on the attenuation required denoted by óK_attenô, the values of the resistors in 

the series and the shunt arms are calculated as shown in Fig 5.13. 
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 Figure 5. 13  T attenuator circuit 

Depending on the attenuation and the system impedance Z0, the resistor values are [13] 

                              R_series = 
  ὤέz +ͅÁÔÔÅÎρ

+ͅÁÔÔÅÎρ  .                            (21) 

                              R_shunt = 
  ς ὤέ z +ͅÁÔÔÅÎ

+ͅÁÔÔÅÎρ     .                            (22) 

Thus, basing on the weights that have to be provided from Table 4, the required attenuators 

are designed and these are shown in Table 8. Usage of meandered lines just before the 

signals enter the attenuators as shown in Figs. 5.14-5.16 provide the required phase which 

has been calculated.  From Table 4, it can be seen that some signals need a phase shift of   

Figure 5. 14 Amplitude feed network for broadside array 
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180° which is also provided with the help of meandered lines. From Figs. 5.14-5.16, it can 

be clearly seen that an extra set of Wilkinson dividers are required and phase equalization 

with the help of meandered lines is performed before the signals enter into the final stage 

Wilkinson dividers. The signals then pass onto the attenuators which are designed thereby 

obtaining the desired weights.  

One important thing to keep in mind is that in the case of broadside steering, only 5 

antennas are excited and hence the signals pass on and these are indicated as thru  in the 

Table 8. The others are terminated in a matched load of 50ɋ which is connected to the 

ground with the help of a via.   

 

  Figure 5. 15 Amplitude feed network for 60° array 
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  Figure 5. 16 Amplitude feed network for 45° array 

 

Table 8 Resistor values used in the attenuators for steering angles 

 45° 60° 90° 

 R1 R3 R1 R3  

Output port 3 6.63 185.17 33.51 20.54 via 

Output port 4 28.96 28.66 thru thru thru 

Output port 5 40.39 10.74 11.288 105.08 via 

Output port 6 12.26 95.67 via  via thru 

Output port 7 9.07 133.22 11.288 105.08 via 

Output port 8 thru  thru thru thru thru 

Output port 9 9.07 133.22 11.288 105.08 via 

Output port 10 12.26 95.67 via via thru 

Output port 11 40.39 10.74 11.288 105.08 via 

Output port 12 28.96 28.66 thru thru thru 

Output port 13 6.63 185.17 33.51 20.54 via 
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5.1.4 Results of the Amplitude Array feed networks  

5.1.4.1 Simulated results 

The results obtained from the simulation of the above three feed-networks are shown 

below. Fig. 5.17 (a) and (b) show the magnitude of the output signals and the phases 

respectively for the broadside case. Figs. 5.18 and 5.19 show the outputs for the 60°and 

45° cases. 
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(a) 

(b) 

Figure 5. 17 Results from HFSS simulation for 90° case: (a) Magnitude 

 (b) Phase    
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(a) 

(b) 

Figure 5. 18 Results from HFSS simulation for 60° case: (a) Magnitude 

                                                                                                   (b) Phase    
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(a) 

(b) 

Figure 5. 19 Results from HFSS simulation for 45° case: (a) Magnitude 

                                                                                                        (b) Phase    
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  Table 9 Results of the simulated feed networks for amplitude array 

Output port 

parameter 

    Broadside case      60° case     45° case 

 Mag      

(dB)    

 Phase 

(°) 

Mag    

(dB)   

 Phase 

(°) 

Mag 

(dB)      

 Phase 

(°) 

S (3,1)     ðð ðð -23.49 156.47 -13.71 150.14 

S (4,1) -11.3217 -111.926 -11.91 67.26 -22.48 66.01 

S (5,1) ðð ðð -15.57 -23.64 -26.44 154.67 

S (6,1) -11.258 -112.692     ðð ðð -15.86 62.96 

S (7,1)     ðð ðð -15.34 -23.821 -14.49 -25.86 

S (8,1) -11.2788 -112.36 -11.61 -113.36 -11.43 -116.67 

S (9,1)     ðð ðð -15.41 157.23 -14.49 150.93 

S (10,1) -11.3557 -113.735     ðð ðð -15.92 60.72 

S (11,1)      ðð ðð -15.49 155.03 -26.03 -21.05 

S (12,1) -11.3963 -113.53 -11.86 67.64 -22.63 63.55 

S (13,1)     ðð ðð -23.75 -23.22 -13.91 -23.87 

 

Table 4 gives an indication of the magnitudes and phases that need to be used in 

order to steer the beam to the required directions for the antennas #2-12. Antenna 2 is 

connected to port 3 of the feed network and antenna 3 to port 4 and so on. Port #2 is not 

used in the convention in this design for it is connected to the ground with a via.  

All the magnitudes and phases are given relative to the output signal S (8,1) for it 

is connected to the center antenna of the amplitude array. From Table 9, it can be clearly 

seen that for the case of broadside steering, the phases of the output signals are very similar 

and the signal strengths are very similar which is the desired case. Further, in the case of 

broadside steering, only 5 antennas are supplied power while the rest are terminated in 

matched loads. In the case of the 60°, the required phase shifts are also very similar to the 

desired values of phase and the magnitudes are also close to the desired values. The same 
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can be said for the case of 45° feed network as well which indicate the feed networks are 

working as designed.  

5.1.4.2 Measured results 

The above designed networks are fabricated and tested with the VNA. The fabrication of 

the board is similar to the normal array feed network boards except for the additional step 

of fabricating the attenuators before the output connectors. Chip resistors are used for the 

attenuator design which was discussed earlier. These require proper spacing for the 

soldering pads. In order to ensure that the T-attenuators are fabricated which need a path 

from the bottom resistors to ground, vias are made which are copper plated on the inside. 

Proper resistor sizes are used in order to ensure that the soldering pads of the resistor are 

appropriate for obtaining the vias. A description of the resistors and the soldering pads is 

provided in Fig. 5.20.  

Figure 5. 20 Attenuator design with the soldering pad dimensions 

The inset in the figure above shows the resistors R1, R2 and R3 that are to be soldered for 

the attenuator. R3 has a via that goes to the ground. Chip resistors of size 1206 are used for 

the design. Basing on the dimensions from the spec sheet of the chip resistors provided in 

Appendix B, the above figure has been designed for the attenuators. 
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The manufactured boards are shown in Figs. 5.21-5.23 and measured results are shown in 

Figs. 5.24-5.26 for 45°, 60° and broadside respectively. 

Figure 5. 21 Amplitude array feed-network board for 45° steering 
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Figure 5. 22 Amplitude array feed-network board for 60° steering 

Figure 5. 23    Amplitude array feed-network board for 90° steering 

 

 

 

 




































































































































