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ABSTRACT

Adaptive beamforming antennas capable of accommodating the growing number

of wireless subscribers throughout the world has become an essential part of modern

wireless systems. In this work, the beamforming of a conformal antenna on a changing

conformal surface is studied by relating the varying position of each antenna element

in the array to the weighting coefficients (i.e, array weights) required to give a

desired antenna beamformation. In particular, the beamforming of a 1×4 array

on a changing wedge- and cylindrical-shaped surface is studied using the projection

method on a wavefront of a transmitted wave in a particular direction. To validate the

theory, a 1×4 prototype antenna with individual voltage-controlled phase shifters and

attenuators is used to implement the computed weights of each individual antenna

element for measurements in an anechoic chamber. Overall agreement between theory,

simulations and measurements is shown throughout the work. Furthermore, the

effects of mutual coupling and changing conformal surfaces on the behavior of the

beamforming pattern and array weights is investigated and summarized.
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CHAPTER 1. INTRODUCTION AND PREVIOUS WORK

1.1. Background

Usually the radiation pattern of a single radiating element is relatively wide, and

each element provides low values of directivity (gain) [1]-[2]. In many applications it

is necessary to design antennas with very directive characteristics (very high gains) to

meet the demands of long distance communication. Several antennas can be arranged

in space and interconnected to produce a directional radiation pattern. Such a

configuration of multiple radiating elements is referred to as an array antenna, or

simply, an array [3]. Arrays offer the unique capability of electronic scanning of the

main beam. By changing the phase of the exciting currents in each element antenna

of the array, the radiation pattern can be scanned through space. The array is then

called a phased array [4]. Phased arrays have many applications, particulary in radar.

The concept of phased arrays was proposed in 1889, but the first successful array (a

two-element receiving array) did not appear until about 1906 [5]. The introduction

of shortwave radio equipment in the 1920s made possible the use of reasonably sized

antenna arrays, providing a convenient way to achieve a directive radiation pattern for

radio communications. Around the time of World War II, array antennas operating

at VHF, UHF, and later, microwave frequencies were introduced for use in radar

systems. Today, arrays are used extensively.

The following section defines and briefly discusses types of antenna arrays, and

particularly the concept of a phased array and adaptive antenna arrays. Discussing

these topologies here will lay the foundation for the conducted research. The types

of array topologies and an adaptive antenna system is described. After this, the idea

of smart antennas is presented and illustrated with a functional block diagram.

1.1.1. Geometrical configurations of antenna arrays

Arrays are found in many geometrical configurations. The most elementary is

1



Figure 1. Linear array.

a linear array in which the array element centers lie along a straight line, as shown

in Figure 1. The elements in an array can form a planar array. A popular planar

array is the rectangular array shown in Figure 2. Furthermore, conformal arrays are

yet another class, where the array element locations conform to a nonplanar surface.

This is a great advantage for arrays on the skin of a vehicle such as an airplane. Figs.

3 and 4 shows examples of conformal topologies.

An array has many advantages over a single element. For example, the narrow

main beam of a parabolic reflector antenna is scanned by slewing the entire structure,

whereas arrays can be phase-scanned at the speed of the control electronics without

moving the antenna. In addition, it is possible to track multiple targets with

a phased array. Weighting the signals before combining them enables enhanced

performance features such as interference and beam steering without physically

moving the aperture. It is even possible to create an antenna array that can adapt

its performance to suit its environment. The price paid for these attractive features

2



Figure 2. Planar array.

Figure 3. Linear array bent to conform to a circular arc.

3



Figure 4. Nonplanar array.

is increased complexity and cost.

For many years, conformal antennas have been used extensively for wireless

applications that require an antenna to operate on a surface that is not flat (i.e., a

singly or doubly curved surface). Wearable antennas are good examples of conformal

antennas that are required to operate over a wide range of surface deformations.

Another typical application could be as a base station antenna in a mobile communi-

cation system. Today, the common solution is three separate antennas each covering

a 120-degree sector. Instead, one cylindrical array could be used, resulting in a much

more compact installation and less cost [6].

Much attention has been paid to the design and implementation of adaptive

antenna arrays (also called smart antennas), intended for use in current and future

wireless communication systems. The motivation is that employment of such array

4



Figure 5. SOI and SNOI in smart antenna system.

Figure 6. Basic smart antenna system.
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antennas can significantly increase the range and capacity of wireless systems. The

main feature of smart antennas, compared with fixed-beam antennas are their abilities

to form a steered beam and to track mobile users in a sector; which in many

applications, has a 120 degree azimuth angular size [7].

As shown in Figs. 5 and 6 and illustrated in [8]-[10], an adaptive antenna system

can tune out unwanted interferers by placing nulls toward the signal not of interest

(SNOI), and concentrate on the desired user by placing the main beam toward the

signal of interest (SOI). The digital signal processor (DSP) computes the direction of

arrival (DOA) of the user from the time delay. The DSP also adds the strength of the

signals from each antenna element together and forms a beam toward the direction

as computed by the DOA.

Smart antennas integrate radio intelligence (DSP) with antenna array tech-

nology to (a) enhance communication system performance, including capacity and

range and (b) improve link quality, for transmission and reception, by multipath

management and mitigation of fading. These are accomplished by beam steering

(placing beam maxima toward SOI) and null steering (placing beam minima, ideally

nulls, toward SNOI).

1.1.2. Previous work on conformal array antennas

The field of phased array antennas was a very active area of research from

WW II up to about 1975 [11]. During this period, much pioneering work was

done also for conformal arrays [12]. However, electronically scanned, phased array

antennas did not find widespead use until the necessary means for feeding and

steering the array became available. Integrated circuit (IC) technology, including

monolithic microwave integrated circuits (MMIC), filled this gap, providing reliable

solutions with a potential for low cost, even for very complex array antennas. An

important factor was also the development of digital processors that can handle

6



the enormously increased rate of information provided by phased array systems.

Digital processing techniques made phased array antenna systems cost effective. This

being true for phased arrays in general, it also holds for conformal array antennas.

However, in the area of conformal arrays, electromagnetic models and design know-

how needed extra development. During the last 10 to 20 years, numerical techniques,

electromagnetic analysis methods, and the understanding of antennas on curved

surfaces have improved [13]-[19].

The origin of conformal arrays can be traced at least back to the 1930s when

a system of dipole elements arranged on a circle, thus forming a circular array, was

analyzed by Chireix [20]. Later, in the 1950s, several publications on the subject

were presented; see for example [21]-[22]. The circular array was attractive because

of its rotational symmetry and proper phasing can create a directional beam which

can be scanned 360 degrees. The applications were in broadcasting communication

and, later, navigation and direction finding. An advanced, more recent application

using a large circular array, is the French RIAS experimental radar system [23]-[24].

A great deal of important conformal work was done at the U.S. Naval Electronics

Laboratory Center (NELC) in San Diego. The work included development of both

cylindrical and conical arrays as well as feeding systems [11]-[12]. An indication of

a recent resurgence in the interest in conformal antennas is the series of conformal

antenna workshops, held in Europe every second year, starting in 1999. The first was

held in Karlsruhe (Germany), the second in the Hague (Netherlands), the third in

Bonn (Germany), the fourth in Stockholm (Sweden), the fifth in Bristol (UK) and

the seventh in Zagreb (Croatia) in 2011 [25]-[30].

More recently in [31]-[32], the effect of the radius of curvature on the radiation

patterns of conformal antennas was presented. Then in 2012, Braaten [33] investigated

the radiation pattern of a 1 x 4 microstrip antenna array attached to various

7



conformal surfaces. It was shown using measurements and analytical results that

with appropriate phase compensation using the projection method [34], the radiation

pattern could be recovered. The projection method presented in [33] for radiation

pattern recovery on a conformal surface (wedge) is shown in Figure 7. The linear

array is bent from the flat position (original reference plane) and placed on the singly

curved surface shaped as a wedge with an angle θw. The position of each element on

the wedge is represented as a solid black dot with the outline of the surface illustrated

as a black line. For this case, if each antenna element is excited with voltages that

have the same phase, the E-field radiated from each element will have the same

phase. However, when the fields from the elements A±2 arrive at the new reference

plane, the phase will be different than the fields radiated from elements A±1. This

phase difference is due to the free-space propagation in the y-direction. Because these

phases are not the same, the radiation may not necessarily be broadside to the array

(i.e., in the z-direction with φs = π/2). The required phase compensation using the

projection method can be computed as

∆φwn = +kL|n| sin θb (1.1)

where θb = (π − θw)/2 is the bend angle of the array. The uncorrected and corrected

radiation pattern using the projection method for the conformal array in Figure 7 is

shown in Figure 8.

This work was then extended further in [35]-[36] to study the effects on the

radiation pattern of singly curved conformal arrays using amplitude tapering and

phase tapering independently. A vision of a future smart skin conformal antenna is

shown in Figure 9. This antenna constitutes a complete RF system, including not

only the radiating elements but also feed networks, amplifiers, control electronics,

power distribution, cooling, filters, and so on, all in a multilayer design that can be

8
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Figure 9. Vision of a smart-skin antenna.

tailored to various structural shapes [6].

The work mentioned above is just a summary of work over the past 40 years

that has focused on the radiation patterns of conformal array antennas applied to

various shapes (wedge, circular, cylindrical etc). Although the summary presented is

not about the detailed idea of amplitude and phase tapering correction, the summary

is very important because the foundations for studying the radiation pattern recovery

on conformal surfaces is found throughout the work. Many other areas that involve

different conformal structures, for example, conical, spherical, feed techniques [11],

and microstrip patch configurations [46]-[50] exist and are not discussed here.

10



1.1.3. Previous work on smart antennas

Over the last decade, wireless technology has grown at a formidable rate, thereby

creating new and improved services at lower costs. This has resulted in an increase

in airtime usage and in the number of subscribers. The most practical solution to

this problem is to use spatial processing. As Andrew Viterbi, founder of Qualcomm

Inc., clearly stated: ’Spatial processing remains as the most promising, if not the last

frontier, in the evolution of multiple access systems’ [60].

Spatial processing is the central idea of adaptive antennas or smart-antenna sys-

tems. Although it might seem that adaptive antennas have been recently discovered,

they date back to World War II with the conventional Bartlett beamformer [61]. It is

only due to today’s advancement in powerful low-cost digital signal processors, general

purpose processors (and ASICs-Application-Specific Integrated Circuits), as well

as innovative software-based signal-processing techniques (algorithms), that smart

antenna systems have received enormous interest worldwide. In fact, many overviews

and tutorials [60]-[62] have emerged, and a great deal of research is being done on the

adaptive and direction-of-arrival (DOA) algorithms for smart-antenna systems [8]-[10]

and [44]-[45]. As the number of users and the demand for wireless services increases at

an exponential rate, the need for wider coverage area and higher transmission quality

rises. Smart-antenna systems provide a solution to this problem.

In adaptive array antenna systems (also called smart antenna systems), special

signal processing algorithms are applied to the digitized received signals [55]-[56].

By deriving optimum weights for the element channels, based on the received signal

characteristics, the signal-to-noise-plus-interference ratio (SNIR) can be maximized.

The result can be seen as creating nulls in the reception pattern in the directions of

the interfering sources while preserving a high-gain beam toward the useful signal.
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Figure 10. Functional block diagram of an adaptive array system.

A simple schematic for an adaptive beam forming system is shown in Figure

10 [9]. This figure shows that after the system downconverts the received signals

to baseband and digitizes them, it locates the SOI using the DOA algorithm, and

it continuously tracks the SOI and SNOIs by dynamically changing the weights

(amplitudes and phases of the signals). Basically, the DOA computes the direction of

arrival of all signals by computing the time delays between the antenna elements, and

afterward the adaptive algorithm, using a cost function, computes the appropriate

weights that result in an optimum radiation pattern. This is only necessary for DOA-

based adaptive beamforming algorithms [43]. However, for reference (or training)

based adaptive beamforming algorithms, it does not need the DOA information but

instead uses the reference signal, or training sequence, to adjust the magnitudes and

phases of each weight to match the time delays created by the impinging signals

into the array. In essence, this requires solving a linear system of normal equations

[43] and [56]. This linear algebra approach to compute the complex weights for

linear beamforming will be explained in Chapter 2. It should be noted that all the

work mentioned above was done using the planar antenna arrays for adaptive smart

12



antenna systems. At this point the work by [8]-[10] and [33]-[36] is the closest to the

work presented here. This seems to be the first time adaptive antenna arrays (smart

antennas) on conformal geometries are considered.

In this section it was shown that significant research is still being conducted on

smart antenna arrays. But throughout this summary it was also shown that the case

of adaptive beam forming on conformal surfaces has not been studied.
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CHAPTER 2. CONDUCTED RESEARCH

There are many properties of interest of conformal and smart antennas. These

include array topologies, array factor, resonant frequency, bandwidth, gain, efficiency,

far-field patterns, spacing between elements and different feed techniques. From the

summary in chapter 1, it can be seen that more recent research involves adaptive

beamforming for linear and planar arrays. But throughout all this research many

fundamental questions have not been answered about adaptive beamforming for

conformal surfaces that change shape with time.

To introduce the conducted research, the two-element adaptive linear antenna

array in Figure 11 will be considered. The array factor (AF) expression for an array

with N elements, like the one in Figure 4, Chapter 1 with elements distributed in

three-dimensional space is given by [55]:

AF =
N
∑

n=1

wne
jk[xnu+ynv+zn cos θ]. (2.1)

Equation (2.1) assumes a spherical coordinate system where u = sin θ cosφ, v =

sin θ sinφ, and wn are the complex excitation coefficients. Each complex weighting

function is defined as wn = Ane
jαn where αn is the phase and An is the amplitude

of the nth element. The weights for the two element adaptive array shown in Figure

11 can be computed using a linear algebra approach with two equations and two

unknowns. The array factor obtained on the basis of these weights is shown in

Figure 12. These complex weights were calculated to receive a desired signal (SOI)

at θ = 0 (broadside) while simultaneously rejecting the interference signal (SNOI)

at angle θ = π/6 radians from broadside. The matrix method for linear adaptive

beamforming (discussed in next section) along with projection method for conformal

antennas (discussed in Section 1.1.2 of chapter 1, and detailed work in [33]) will be

14



Figure 11. The two-element adaptive array.
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Figure 12. Array factor of the two-element adaptive array in Figure 11.
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used for adaptive beamformation on conformal surfaces that change shape with time.

2.1. Linear adaptive beamforming

In this section, the matrix method in [71] and the projection method in [33] and

[34] for linear adaptive beamforming is discussed. The array factor of a linear array

of N (even) identical elements with uniform spacing positioned symmetrically along

the x-axis, as shown in Figure 13, can be written as [71]:

(AF )N = w1e
+j(1/2)ψ1 + w2e

+j(3/2)ψ2 + ...+ wN/2e
+j[(N−1)/2]ψN/2

+w−1e
−j(1/2)ψ1 + w−2e

−j(3/2)ψ2 + ...+ w−N/2e
−j[(N−1)/2]ψN/2 . (2.2)

Simplifying and normalizing, (2.2) reduces to

(AF )N =

N/2
∑

n=1

wn cos[(2n− 1)ψn] (2.3)

where

ψn =
πd

λ
sin θ. (2.4)

The angle θ represents the angle of the signal of interest (θSOI) or the angle of the

signal not of interest (θSNOI) and wn are the complext excitation coefficients (i.e.,

array weights) to be determined to give the desired SOI and SNOI radiation pattern

for linear antenna array.

To compute the array weights in (2.3), consider the four-element linear array

shown in Figure 14. The matrix method for linear adaptive beamforming in [71] is

adopted. Assuming one SOI and three SNOIs, four equations with four unknown

complex weights can be determined as follows: The output y(t) of the array in Figure

14 due to the desired signal at θSOI is analyzed first, followed by the output due to
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the interferers at angles θSNOI1 , θSNOI2 and θSNOI3 respectively. Thus, the output

y(t) of the array due to the desired signal at θSOI using (2.2) can be written as

y(θSOI) = w1e
±j(3/2)ψ1 + w2e

±j(1/2)ψ2 + w3e
±j(1/2)ψ1 + w4e

±j(3/2)ψ2 . (2.5)

where the plus or minus sign is associated with phase lead or lag respectively. For

the output y(θSOI) to be equal (unity) only to the desired signal, it is necessary that

y(θSOI) = 1. (2.6)

On the other hand, the outputs y(t) due to the interfering signals are given as

y(θSNOI1) = w1e
±j(3/2)ψ1 + w2e

±j(1/2)ψ2 + w3e
±j(1/2)ψ1 + w4e

±j(3/2)ψ2 , (2.7)

y(θSNOI2) = w1e
±j(3/2)ψ1 + w2e

±j(1/2)ψ2 + w3e
±j(1/2)ψ1 + w4e

±j(3/2)ψ2 , (2.8)

and

y(θSNOI3) = w1e
±j(3/2)ψ1 + w2e

±j(1/2)ψ2 + w3e
±j(1/2)ψ1 + w4e

±j(3/2)ψ2 (2.9)

where ψn in (2.5)-(2.9) at each value, θSOI , θSNOI1 , θSNOI2 or θSNOI3 , can be

evaluated using (2.4). For the output response y(t) to be zero (i.e., reject totally

the interference), it is necessary that

y(θSNOI1) = (θSNOI2) = (θSNOI3) = 0. (2.10)

Solving simultaneously the linear system of four complex equations (2.5), and (2.7)-

(2.9), the array weights can be computed. These are the optimum weights that
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Figure 15. Beamforming results for the four-element linear array.

guarantee the desired SOI and SNOI radiation pattern. The previous expressions

were determined for N = 4 and can be generalized for more elements. It should be

mentioned that similar work could be carried out for an odd value of N.

Next, the beamforming results for the four-element linear array are shown in

Figure 15 for θSOI = 40◦, θSNOI1 = −45◦, θSNOI2 = −25◦ and θSNOI3 = 10◦. Good

agreement between measurements, simulations and analytical computations is shown.

Details of the measurement setup will be discussed in Chapter 7.

In the area of conformal antennas, researchers have studied how the radiation

pattern of a conformal antenna changes as it is deformed in various ways [81]-[55].

It has been shown that the overall gain of an antenna array can be reduced by as

much as 25 dBi in a particular direction without appropriate phase and amplitude

compensation [55]. To mitigate some of the unwanted affects of deformation on the

overall gain of an array, several compensation techniques have been proposed [85]-

[91]. In summary, it has been shown that the radiation pattern of a conformal antenna

attached to a changing surface (i.e., vibrating surface) can be improved with different

calibration techniques, signal processing algorithms, sensor circuitry and phase- and

amplitude-adjustments. Then again, the previous work was developed under the
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Figure 16. (a) Illustration of the conformal antenna on a wedge-shaped surface and (b)
illustration of the conformal antenna on a cylindrical-shaped surface.
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assumption that the main lobe direction of the radiation pattern was fixed, and the

location of the nulls for beamforming was not defined.

Thus, the objective of this work is to study the theory of beamforming for

conformal antennas attached to changing surfaces. Moreover, the changing surface

affects on the radiation properties of conformal beamforming antennas will be

explored. In particular, this work will focus on beamforming for the one dimensional

1×N arrays on the wedge- and cylindrical-shaped surfaces shown in Figures 16(a) and

16(b), respectively. For both Figures 16(a) and 16(b), the location of each antenna

element on the conformal surface is shown as a black dot and denoted as A±n where

N is assumed to be even and n = −N/2, ...,−1, 1, ..., N/2. It should be noted that

similar work could be carried out for an odd value of N . Also, the wavefront is

denoted as a grey dotted line and the direction of propagation is shown with a black

arrow. The wavefront is shown away from the origin for illustrative purposes only.

By developing beamforming for the arrays in Figures 16(a) and 16(b), new

applications for smart antennas are possible. One new area is wearable networks and,

in particular, wearable antennas [92]. Wearable antennas can be attached to search

and rescue personnel, military gear and clothing, and, in many of these applications,

the wearable antenna can be deformed due to movement. This can make it difficult

to implement a wearable smart antenna for successful wireless communications. By

understanding the effects of surface deformation and combining this information

with the self-adapting network developed in [85], a wearable smart antenna could

be developed. Furthermore, the results presented in this paper could be used to

improve the performance of existing smart antennas attached to buildings, vehicles

or aircraft that are moving or vibrating.

In the conducted research, the beamforming of a conformal antenna on a

changing conformal surface is studied by relating the varying position of each antenna
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element in the array to the weighting coefficients (i.e, array weights) required to

give a desired antenna beamformation. In particular, beamforming for a 1×4 array

on a changing wedge- and cylindrical-shaped surface is studied using the projection

method on a wavefront of a transmitted wave in a particular direction. To validate the

theory, a 1×4 prototype antenna with individual voltage-controlled phase shifters and

attenuators is used to implement the computed weights of each individual antenna

element for measurements in an anechoic chamber. Overall agreement between

theory, simulations and measurements is shown throughout the conducted research.

Furthermore, the effects of mutual coupling and changing conformal surfaces on the

behavior of the beamforming pattern and array weights is studied, and validated

through analytical, full-wave simulations and measurements.
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CHAPTER 3. BEAMFORMING OF A 1×4 ARRAY ON A

WEDGE-SHAPED CONFORMAL SURFACE

In this chapter the 1×4 array (i.e., N = 4) on the wedge-shaped surface shown in

Figure 17 with a bend angle of θb will be considered first. The inter-element spacing

along the surface of the wedge is denoted as d and the location of element A±n is

denoted as (x±n, z±n).

The motivation for using a beamforming antenna is the feature of being able to

define a main radiation lobe in a particular direction while simultaneously defining

nulls in the radiation pattern in other directions. The main lobe can then be used to

communicate with a desired user in a particular direction and the nulls can be used

to reduce the incoming signal from users not of interest. For this work, the angle of

the signal of interest will be denoted as θSOI and one user of interest will be assumed

while the angle of the nth user not of interest will be denoted as θSNOIn . Because a

four-element array is being considered here, three nulls at θSNOI1 , θSNOI2 and θSNOI3

are defined. Now, the goal is to define appropriate array weights that can be used to

drive the four elements in Figure 17 to give a main lobe at θSOI and three nulls at

θSNOI1 , θSNOI2 and θSNOI3 . Furthermore, to determine how the shape of the wedge

changes the weights, they (weights) are to be determined for various bend angles θb

of the wedge.

To compute the surface-dependent array weights, the projection method [34]

will be used along with the matrix method for computing antenna weights as defined

in [71]. Since a maximum radiation in the direction of θSOI and nulls in the directions

of θSNOI1 , θSNOI2 and θSNOI3 are desired, the array will be considered as a transmitter

in Figure 17. First, consider the case when the array is radiating in the direction of

θSOI , as shown in Figure 17(a). One method used to provide a field in the direction

of θSOI is to ensure that the fields radiated from elements A−2, A−1, A1 and A2 arrive
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at the wavefront with the same phase. This will then result in a broad-side radiation

to the wavefront. To ensure that these fields arrive with the same phase, the voltage

phase driving each individual element can be adjusted with a phase shifter. The

amount of phase required is equal and opposite to sign of the phase introduced by

the free-space propagation from the antenna element to the wavefront. To compute

this distance, the values for ∆−2, ∆−1, ∆1 and ∆2 in Figure 17(a), which denote

the distance from the elements A−2, A−1, A1 and A2, respectively, to the wavefront

(or the projected elements on the wavefront), need to be computed. Furthermore,

the expressions for A−2, A−1, A1 and A2 should be written in a general manner that

includes the location of each antenna element on the surface and the bend angle θb.

A similar argument can be made for the case when the array is transmitting a null

in the direction of θSNOIn , which is shown in Figure 17(b). For this case, the values

of ∆±n still need to be computed.

3.1. Computing the distance to the projected element

For this work, the values of θSOI and θSNOIn are between−π/2 and π/2. Because

of this, the problem will be broken down in to two cases. For the first case, −θb ≤

θSOI(SNOIn) ≤ θb. For these angles of θSOI(SNOIn) the projected elements on the

wavefront are all outside of the wedge-shaped surface. For the second case, θb ≤

θSOI(SNOIn) ≤ π/2 or −π/2 ≤ θSOI(SNOIn) ≤ −θb. For these angles of θSOI(SNOIn),

half of the projected elements are outside of the wedge-shaped surface and half are

inside of the surface. This is because when θSOI(SNOIn) ≥ θb or θSOI(SNOIn) ≤ −θb

the projected elements for A1 and A2 or A−1 and A−2, respectively, are inside of the

wedge-shaped surface in Figure 17.

1) Case 1: computing ∆±n for −θb ≤ θSOI(SNOIn) ≤ θb:

Using the notation in Figure 17, the distance from the antenna elements on the
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wedge to the projected elements on the wavefront can be computed using:

∆±n = d
|n|

2n
(2|n| − 1) sin

(

θb ∓ θSOI(SNOIn)
)

(3.1)

for 0 ≤ θSOI(SNOIn) ≤ θb and

∆±n = d
|n|

2n
(2|n| − 1) sin

(

θb ± |θSOI(SNOIn)|
)

(3.2)

for −θb ≤ θSOI(SNOIn) ≤ 0. Notice that the expressions in (3.1) and (3.2) are written

in terms of the bend angle θb of the wedge and the location of each antenna element,

indicating the generality of the expressions.

2) Case 2: computing ∆±n for θb ≤ θSOI(SNOIn) ≤ π/2 or −π/2 ≤ θSOI(SNOIn) ≤ −θb:

Next, for the remaining values of θSOI(SNOIn) the distance from each element in

the array to the projected elements on the wavefront can be computed as:

∆±n = d
|n|

2n
(2|n| − 1) sin

(

θSOI(SNOIn) ∓ θb
)

(3.3)

for θb ≤ θSOI(SNOIn) ≤ π/2 and

∆±n = d
|n|

2n
(2|n| − 1) sin

(

|θSOI(SNOIn)| ± θb
)

(3.4)

for −π/2 ≤ θSOI(SNOIn) ≤ −θb. Notice that (3.3) and (3.4) are also written in terms

of θb and the position of each antenna element in a general fashion.

3.2. Computing the radiation in the direction of θSOI , θSNOI1, θSNOI2 and

θSNOI3

Next, the field from the array in the direction of θSOI , θSNOI1 , θSNOI2 and θSNOI3

on the wedge-shaped surface can be computed using the following array factor (AFw)
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expression [55]:

AFw(θ, φ) =
−1
∑

n=−2

Fn,Le
jk[uxn+vyn+zn cos θ]

+
2

∑

n=1

Fn,Re
jk[uxn+vyn+zn cos θ] (3.5)

where

Fn,L = wn cos(θPL)e
±jk∆±n (3.6)

and

Fn,R = wn cos(θPR)e
±jk∆±n . (3.7)

A spherical coordinate system is assumed in (3.5) with u = sin θ cosφ, v = sin θ sinφ,

∆±n is defined in (3.1)-(3.4), (xn, yn, zn) is the location of the nth array element

and wn are the complex weighting functions (i.e., array weights). Furthermore, the

element patterns for A1 and A2 are denoted as eR(θ) = cos θPR and the element

patterns for A−1 and A−2 are denoted as eL(θ) = cos θPL where θPR and θPL are

defined in Figure 17. To compute the complex excitation coefficients for antenna

elements on the conformal wedge we determine θPL and θPR as shown in Figure 17.

These are the offset directions of SOI and SNOIs on the conformal wedge for the left

and right antenna elements of the array midpoint and must be included to compute

the weighting coefficients to give the desired SOI and SNOIs radiation pattern. To

compute θPL and θPR for θSOI(SNOI) > 0, consider Figure 17(a). From the geometry,

we can write

θPL = (θb + |θ|) (3.8)

and
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θPR = −(π/2− |θ| − (π/2− θb)) = −θb + |θ|. (3.9)

Similary for θSOI(SNOI) < 0 in Figure 17(b) we can write

θPL = π/2− [(π/2− θb) + |θ|] = θb − |θ| (3.10)

and

θPR = −(θb + |θ|) = −θb − |θ|. (3.11)

3.3. Computing the array weights for N = 4 elements

The complex weighting functions (i.e., array weights) in (3.5) are of interest

in this work because these are the array weights that need to be computed for the

beamforming of the array. To compute these weights, the matrix method for smart

antennas presented in [71] will be used. Because the array studied here has four-

elements, four array weights are needed. This then requires a set of four equations

with four unknowns that can be written as a square matrix. Then the array weights

can be computed using a matrix solver. The sum in (3.5) has four terms for N = 4

and to get four equations with four unknowns, (3.5) will be evaluated at each value

of θSOI , θSNOI1 , θSNOI2 and θSNOI3 . This then gives the following array factor matrix

AFw:

AFw =



















AFw(θSOI)

AFw(θSNOI1)

AFw(θSNOI2)

AFw(θSNOI3)



















(3.12)

where θ = θSOI , θSNOI1 , θSNOI2 or θSNOI3 and φ = 0. Then, factoring out the array
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weights gives

AFw = AW (3.13)

where A is the array factor on the wedge in (3.5) with the weights factored out and

W =



















w−2

w−1

w1

w2



















. (3.14)

Next, to ensure that the conformal antenna will have a main beam at

the scan angle θSOI , AFw(θSOI) must equal 1 in (3.12), or AFw(θSOI)=1.

Then, in order to provide nulls in the directions of θSNOI1 , θSNOI2 and θSNOI3 ,

AFw(θSNOI1)=AFw(θSNOI2)=AFw(θSNOI3)=0 in (3.12). This can be written in matrix

form in the following manner:

AW = C (3.15)

where

C =



















1

0

0

0



















(3.16)

and AW is defined in (3.13). Finally, solving for the weights in (3.15) gives

W = A-1C. (3.17)

By setting the first element in (3.16) to be 1 and the rest of the elements to be 0, the

array factor is forced to give nulls (or a zero field) analytically at the angles of θSNOI1 ,

θSNOI2 and θSNOI3 . Thus, the solution of (3.17) yields the array weights required to
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give these pattern null features. Furthermore, since the values of ∆±n in the array

factor expression in (3.12) are written in terms of the wedge angle θb and the location

of each antenna element, the weights computed with (3.17) are determined in a setting

where the antenna, and hence the wedge, can change shape.

3.4. Computing the array weights for N elements

The previous expressions were determined for N = 4 and can be generalized for

more elements. More specifically, equations (3.12)-(3.17) can be generalized in the

following manner:

AFw =

























AFw(θSOI)

...

AFw(θSNOI1)

...

AFw(θSNOIn)

























(3.18)

where

AFwn(θ, φ) =
−1
∑

n=−N/2

Fn,Le
jk[uxn+vyn+zn cos θ]

+

N/2
∑

n=1

Fn,Re
jk[uxn+vyn+zn cos θ], (3.19)

and Fn,L and Fn,R are defined in (3.6) and (3.7), respectively. Then, factoring out

the array weights gives

AFwn = AnWn (3.20)
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where A is the array factor on the wedge in (3.19) with the weights factored out and

Wn =

































w−N/2

...

w−1

w1

...

wN/2

































. (3.21)

Finally, the coefficients in (3.16) can be generalized as

Cn =



















c1

c2
...

cn



















(3.22)

and the weights can be computed using

Wn = A-1

n
Cn. (3.23)

Equation (3.23) can then be used to solve for the array weights that will result in a

main radiation pattern in the direction of θSOI and nulls in the directions of θSNOI1 ,

θSNOI2 , ... θSNOI(N−1)
for an N -element array on a changing wedge-shaped surface.
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CHAPTER 4. BEAMFORMING OF A 1×4 ARRAY ON A

CYLINDRICAL-SHAPED CONFORMAL SURFACE

The array weights for the conformal antenna on the cylindrical shaped surface

shown in Figure 18 are computed next. Again, for illustration, the derivations will

be carried out for N = 4 elements.

4.1. Computing the distance to the projected element

As with the wedge-shaped conformal surface, the distance from the elements

on the cylindrical surface to the projected elements on the transmitted wavefront at

angle θSOI(SNOIn) must be computed. Again, these distances are denoted as ∆±n in

Figure 18. First, the distance from the point where the cylinder intersects the z-axis

(denoted as point P in Figure 18) to each antenna element is computed using

h±n =
√

(0− x±n)2 + (r − z±n)2 (4.1)

where again (x±n, z±n) is the location of the nth element on the cylindrical surface,

x±n = r cosφ±n, zn = r sinφ±n and φ±n is defined in Figure 18. As with the wedge-

shaped surface, the problem will be considered as two different cases. The first case

is for θSOI(SNOIn) ≥ 0 and the second case is for θSOI(SNOIn) ≤ 0. The first case is

shown in Figure 18. The projected elements of A−2, A−1 and A2 in the direction

of θSOI(SNOIn) are outside of the cylindrical surface and the projected element of

A1 in the direction of θSOI(SNOIn) is inside of the cylindrical surface. Because some

projected elements are outside of the cylinder and some are inside, each case will be

broken into two parts. The first part will compute the distance from the elements

A−1 and A±2 to the projected elements on the wavefront and the second part will

compute the distance from the element A1 to the projected element on the wavefront

(as shown in Figure 18).
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Figure 18. Illustration of the 1 × 4 conformal antenna on a cylindrical-shaped surface with
a transmitted signal of interest (signal not of interest) at angle θSOI(SNOI) .

1) Case 1 with θSOI(SNOIn) ≥ 0

Next, using (4.1) the distance from the elements A−1 and A±2 to the projected

elements on the transmitted wavefront can be computed as:

∆±n = h±n sin(∓θSOI(SNOIn) + θ±n) (4.2)

where θ±n = cos−1 |x±n/h±n|. Then, for element A1 the distance to the projected

element can be computed as:

∆+n = h+n sin(θSOI(SNOIn) − θ+n). (4.3)

2) Case 2 with θSOI(SNOIn) ≤ 0

Again, using (4.1) the distance from the elements A1 and A±2 to the projected

elements can be computed as:

∆±n = h±n sin(±|θSOI(SNOIn)|+ θ±n) (4.4)
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where θ±n = cos−1 |x±n/h±n|. Then for element A−1 the distance to the projected

element can be computed as:

∆−n = h−n sin(|θSOI(SNOIn)| − θ−n). (4.5)

A few comments can be made about (4.2)-(4.5). As with the wedge-shaped

surface, these expressions have been written in a general manner in terms of antenna

position on the cylindrical surface and the radius of curvature. Also, special care

should be taken when implementing these equations if |θSOI(SNOIn)| ≤ θ±1. This is

because for these angles all of the projected elements on the wavefront will be outside

of the cylindrical surface. In this case, the distance to the wavefront can be computed

using (4.2) or (4.4) (depending on whether θSOI(SNOIn) ≤ 0 or θSOI(SNOIn) ≥ 0) and

the computations of (4.3) and (4.5) are not required.

4.2. Computing the radiation in the direction of θSOI , θSNOI1, θSNOI2 and

θSNOI3

Next, the field from the array in the direction of θSOI , θSNOI1 , θSNOI2 and

θSNOI3 on the cylindrical-shaped surface can be computed using (3.5) (with updated

distances computed using (4.2)-(4.5). As mentioned in Section 3.2, Chapter 3, to

obtain the correct SOI and SNOIs radiation pattern for conformal antennas array,

we need to determine θPL and θPR. To compute θPL and θPR for θSOI(SNOI) < 0,

consider Figure 18. From the geometry, we can write

θPL = π/2− φn − |θ| (4.6)

and

θPR = −(π/2− φn + |θ|). (4.7)
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Similary for θSOI(SNOI) > 0 in Figure 18 we can write

θPL = π/2− φn + |θ| (4.8)

and

θPR = −(π/2− φn − |θ|) = −π/2 + (φn + |θ|. (4.9)

4.3. Computing the array weights for N = 4 elements

Next, as with the conformal antenna on the wedge-shaped surface, the array

weights can be computed using (3.17). For the computations of these array weights

on the cylinder, the distance from the elements to the wavefront should be computed

using (4.2)-(4.5).

4.4. Computing the array weights for N elements

Finally, (3.23) can be used (with updated distances computed using (4.2)-(4.5))

to compute the array weights for 1×N array on a cylindrical surface with radius r.

As with the wedge-shaped surface, the expressions to compute the array weights have

been written in a general manner that includes element spacing and the radius of the

cylinder. This makes the technique presented here useful for an array attached to a

changing cylindrical surface.
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CHAPTER 5. COMPUTING THE WEIGHTING

COEFFICIENTS WITH MUTUAL COUPLING

For the previous derivations of (3.17) and (3.23), it was assumed that there was

no mutual coupling between the elements. To model the mutual coupling, the work

presented in [93] was considered. More specifically, the work in [93] proposed a model

for the mutual coupling in adaptive arrays and demonstrated that the mutual coupling

between the elements of an adaptive array can cause a significant degradation in the

signal-to-interference-plus-noise ratio (SINR). The methods in [93] will be adopted

here to model the mutual coupling effects on the radiation pattern of the conformal

beamforming array.

The coupling between the antenna elements can be modeled as an N+1 port

network, as shown in Figure 19. The antenna elements in the array are all terminated

with ZL and denoted as ports 1, 2, ... N . The antenna port being driven by a voltage

source Vs is denoted as N+1. The port being driven with Vs is the representation

of the transmitted (or incoming) signals at angles θSOI or θSNOIn . Then, using the

Kirchhoff relations for the N+1 terminal network, the voltage at the terminated port

n can be written as:

VTn = I1Zn,1 + I2Zn,2 + ..+ InZn,m + ...+ IsZn,s (5.1)

where Zn,m is the mutual impedance between the nth and mth port, In is the current

going through the terminating resistor on the nth port, Znn is the self-impedance of

the nth port and Zn,s represents the mutual coupling term between the driven element

with Vs and the nth antenna element.

Furthermore, the current at the nth port can be written in terms of the terminal
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I1
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I2
VT2+ -
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Zs

ZL ZL ZL

Figure 19. N-port network illustration of the conformal array with a signal of interest at
angle θSOI or θSNOIn .

voltage and load impedance in the following manner:

In =
−VTn
ZL

. (5.2)

Then, making use of the open-circuit condition and removing the terminating

impedances results in I1 = I2 = ... = IN = 0. This then simplifies (5.1) to

VTn = IsZn,s. Under these conditions, (5.1) represents the open circuit voltages

at the nth port caused by the mutual coupling between the driven element and the

nth port, and can be computed as VTn = IsZn,s = VOCn. Next, substituting (5.2)

into (5.1), making use of the open-circuit condition and writing (5.1) in matrix form

results in the following:

ZcVT = VOC. (5.3)

where

Zc =



















1 + Z1,1

ZL

Z1,2

ZL
. . .

Z1,N

ZL

Z2,1

ZL
1 + Z2,2

ZL
. . .

Z2,N

ZL

...
...

. . .
...

ZN,1

ZL

ZN,2

ZL
. . . 1 +

ZN,N

ZL



















, (5.4)
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VT =



















VT1

VT2
...

VTn



















(5.5)

and

VOC =



















VOC1

VOC2

...

VOCn



















. (5.6)

The normalized impedance matrix Zc includes self- and mutual-terms, and

can be determined from a 3D full wave simulator such as HFSS [94]. The open

circuit voltage column matrix VOC represents the array weights (i.e., the complex

voltages used to drive the beamforming conformal antenna) without including mutual

coupling. This then results in VOC = Wn where Wn is given in (3.21). The

terminal voltage column matrix VT represents the array weights that include the

mutual coupling and can be computed from (5.3) as follows:

VT = Z-1

c
VOC. (5.7)

Next, to write the array weights with mutual coupling in terms of the array

factor expressions in (3.20), (3.20) is equated to (3.22), and VOC = Wn is substituted

into the equality. This results in the following expression:

AnVOC = Cn. (5.8)
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Then, solving for VOC in (5.7), substituting into (5.8) and reorganizing gives:

VT = Z-1

c
A-1

n
Cn = Wc

n
(5.9)

where Wc

n
represents the new array weights with the coupling included in the

computations. In the next section, validation of Wn and Wc

n
for various values of

θSOI and θSNOIn will be presented followed by the characteristics of the array weights

for various conformal surfaces.
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CHAPTER 6. DEPENDENCE OF THE ARRAY

WEIGHTS ON THE CONFORMAL SURFACE

GEOMETRY

In this chapter, the array weights for a three-element array were computed

analytically using (3.23). This was done to show how the array weights are dependent

on θb and the radius of curvature r. It should be mentioned that N = 3 was chosen

because the problem becomes much more complex for N > 3 and requires a numerical

analysis of the matrices in (3.23). Assuming one SOI and two SNOIs, we can write

the following three equations with three unknown array weights:

w−1F−1,L(θSOI) + w0 + w+1F1,R(θSOI) = 1, (6.1)

w−1F−1,L(θSNOI1) + w0 + w+1F1,R(θSNOI1) = 0, (6.2)

and

w−1F−1,L(θSNOI2) + w0 + w+1F1,R(θSNOI2) = 0. (6.3)

Subtracting (6.2) and (6.3) from (6.1) we obtain

w−1[F−1,L(θSOI)− F−1,L(θSNOI1)] + w+1[F1,R(θSOI)− F1,R(θSNOI1)] = 1, (6.4)

w−1[F−1,L(θSOI)− F−1,L(θSNOI2)] + w+1[F1,R(θSOI)− F1,R(θSNOI2)] = 1, (6.5)
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Next subtracting (6.3) from (6.2) we obtain

w−1[F−1,L(θSONI1)− F−1,L(θSNOI2)] + w+1[F1,R(θSNOI1)− F1,R(θSNOI2)] = 0. (6.6)

Equation (6.6) can be written as:

w−1 = −w+1
F1,R(θSNOI2)− F1,R(θSNOI1)

F−1,L(θSONI2)− F−1,L(θSNOI1)
, (6.7)

or

w−1 = −w+1D (6.8)

where

D =
F1,R(θSNOI2)− F1,R(θSNOI1)

F−1,L(θSNOI2)− F−1,L(θSNOI1)
. (6.9)

Next, substituting (6.8) into (6.4) we get

w+1[F1,R(θSOI)− F1,R(θSNOI1)] = 1 + w+1D[F−1,L(θSOI)− F−1,L(θSNOI1)], (6.10)

or

w+1[F1,R(θSOI)− F1,R(θSNOI1)]−D[F−1,L(θSOI)− F−1,L(θSNOI1)] = 1., (6.11)

Now, from (6.11) we can calculate w+1 as follows:

w+1 =
1

[F1,R(θSOI)− F1,R(θSNOI1)]−D[F−1,L(θSOI)− F−1,L(θSNOI1)]
(6.12)

or

w+1 =
1

F∆
1,R −DF∆

−1,L

. (6.13)

Equation (6.13) can be used to calculate w−1 from (6.8). Finally using (6.8) and
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(6.13) in (6.1), we can calculate the array weight w0 as follows:

w0 = 1− w+1[F1,R(θSOI)−DF−1,L(θSOI)], (6.14)

where

D =
F1,R(θSNOI2)− F1,R(θSNOI1)

F−1,L(θSNOI2)− F−1,L(θSNOI1)
. (6.15)

Also, F∆
1,R = F1,R(θSOI)−F1,R(θSNOI1), F

∆
−1,L = F−1,L(θSOI)−F−1,L(θSNOI1) and Fn,L

and Fn,R are defined in (3.6) and (3.7), respectively, with the weights factored out.

For a small value of N , the results in (6.8), (6.13) and (6.14) show that the

expression for the array weights can be quite complicated. Then again, it does also

show the dependence of each weight on the angle θSOI(SNOIn) and the location of each

antenna element on the array.

To illustrate the behavior of the weights computed using (6.8), (6.13) and (6.14)

for various surfaces, the three element array was considered on a wedge-shaped surface

for various values of θb. For these computations the values of θSOI and θSNOIn were

θSOI = 40◦, θSNOI1 = −45◦ and θSNOI2 = 10◦. The amplitude and phase of the

array weights computed using (6.8), (6.13) and (6.14) are shown in Figs. 20 and

21, respectively for wedge-shaped conformal surface. Similarly the amplitude and

phase of the array weights for various values of radius of curvature on a cylindrical

surface are shown in Figs. 22 and 23, respectively. The results show that for a

fixed beamformation there is a strong relationship between the array weights and the

conformal surface.
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Figure 20. Magnitude of the array weights for the three-element array on the wedge-shaped
surface.
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Figure 21. Phase of the array weights for the three-element array on the wedge-shaped
surface.
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Figure 22. Magnitude of the array weights for the three-element array on the cylindrical-
shaped surface.
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Figure 23. Phase of the array weights for the three-element array on the cylindrical-shaped
surface.
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CHAPTER 7. VALIDATION WITH ANALYTICAL,

SIMULATION AND MEASUREMENT RESULTS

In this chapter, a beamforming array is used to validate the previously derived

array weight expressions using simulations and measurements. More specifically the

array weights are computed using (3.23) and (5.9) for the four-element array on

the wedge- and cylindrical-shaped surface shown in Figs. 17 and 18. Two different

beamformation patterns were considered and each pattern was evaluated on three

different conformal surfaces. The characteristics of each beamformation pattern,

denoted as pattern 1 and pattern 2, are summarized in Table 1. Furthermore, the

three conformal surfaces considered were the wedge-shaped surface with θb = 30◦ and

θb = 45◦ and a cylindrical surface with r = 10 cm.

7.1. The four-element beamforming array prototype

For measurement purposes, the four-element beamforming array shown in

Figure 24(a) was manufactured. The array consisted of connectorized voltage-

controlled phase shifters, voltage-controlled attenuators, a four-way power divider,

an amplifier and four microstrip patches designed to operate at 2.47 GHz. A picture

of the attenuators, phase shifters and power divider of the manufactured array is

shown in Figure 24(b) and a picture of the four microstrip patches is shown in Figure

24(c). Four individual microstrip patches were used for the convenience of placing

the array on the various conformal surfaces. The phase shifters were manufactured

by Hittite Microwave Corporation [95] (PN: HMC928LP5E) and the power divider,

attenuators and amplifiers were manufactured by Mini-Circuits [96] (PNs: ZN8PD1-

53-S+, ZX73-2500-S+ and ZX60-33LN-S+, respectively). Identical SMA cables were

used to connect each patch to a port on the power divider. The attenuation and

phase shift of the voltage variable attenuator and anlog phase shifter were measured

and are shown in Tables 8 and 9 at the end of the chapter.
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Figure 24. (a) Topology of the four-element beamforming array, (b) a photograph of the
power divider, voltage controlled phase shifters and voltage controlled attenuators used for
measurements and (c) a photograph of the microstrip patch elements used for attachment
to conformal surfaces.
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Figure 25. (a) Photograph of the four-element beamforming array being measured on the
wedge-shaped surface with θb = 30◦ and (b) photograph of the four-element beamforming
array being measured on the cylindrical shaped surface with r = 10 cm.

Table 1. Summary of the beamformation patterns 1 and 2.

Variable Pattern 1 Pattern 2
θSOI 0◦ 40◦

θSNOI1 −30◦ −45◦

θSNOI2 30◦ −25◦

θSNOI3 40◦ 10◦
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Figure 26. Picture of the four-element beamforming array in HFSS.

7.2. Beamforming results on the wedge with θb = 30◦

The first measurements taken were for the four-element beamforming array

on the wedge-shaped surface in Figure 17 for θb = 30◦ and the array weights were

computed using (3.17). The inter-element spacing was 0.5 λ and a picture of the array

being measured on the surface with a 2-port network analyzer in a fully calibrated

anechoic chamber is shown in Figure 25(a). The results from these measurements

for both patterns summarized in Table 1 are shown in Figures 27 and 28. Next,

the four-element beamforming array was simulated in HFSS as shown in Figure 26

and the weights computed using (3.17) were used to drive the array. The radiation

pattern from these simulations can also be seen in Figures 27 and 28 at 2.47 GHz.

Then, for a third comparison both patterns were computed analytically using the

array factor expression in (3.5) with the weights determined using (3.17). These

results are also shown in Figures 27 and 28. Finally, new weights that include the

mutual coupling were computed using (5.9) and used in (3.5) to compute the radiation

pattern analytically. These results are shown in Figures 27 and 28. Overall, agreement

between measurements, simulations and analytical computations (with both sets of

array weights) is shown. The array weights for the results in Figures 27 and 28 are
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shown in Tables 2 and 3 at the end of the chapter.

7.3. Beamforming results on the wedge with θb = 45◦

Next, measurements were taken for the four-element beamforming array on the

wedge-shaped surface in Figure 17 for θb = 45◦. The inter-element spacing was again

0.5 λ and (3.17) was used to compute the new array weights. The results from these

measurements for both patterns summarized in Table 1 are shown in Figures 29

and 30. Next, the four-element beamforming array was simulated in HFSS with the

weights for θb = 45◦ and the radiation pattern can also be seen in Figures 29 and 30 at

2.47 GHz. Then, for a third comparison the expression in (3.5) was used to compute

the analytical results shown in Figures 29 and 30. New weights that include the

mutual coupling were also computed using (5.9) for the new value of θb = 45◦. These

weights were then used in (3.5) to compute the radiation pattern and these results

are shown in Figures 29 and 30. As with the θb = 30◦ results, agreement between

measurements, simulations and analytical computations is shown. The array weights

for the results in Figures 29 and 30 are also shown in Tables 4 and 5 at the end of

the chapter.

7.4. Beamforming results on the cylinder with r = 10 cm

Finally, the same comparison between measurements, simulations and analytical

computations was conducted for the four-element array on the cylindrical-shaped

surface with r = 10 cm. The array being measured in the full anechoic chamber is

shown in Figure 25(b) and the results are shown in Figures 31 and 32. It should be

mentioned that in order to measure the array on a cylindrical surface a sphere was

used and the antenna elements were placed along the equator. This then resulted in

an antenna shape similar to a cylindrical surface. Simulation results and analytical

computations with and without the coupling are also shown in Figures 31 and 32 and

overall agreement is shown. The array weights for the results in Figures 31 and 32
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are shown in Tables 6 and 7 at the end of the chapter.
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Figure 27. Pattern 1 beamforming results for the four-element array on the wedge-shaped
surface with θb = 30◦.
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Figure 28. Pattern 2 beamforming results for the four-element array on the wedge-shaped
surface with θb = 30◦.
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Figure 29. Pattern 1 beamforming results for the four-element array on the wedge-shaped
surface with θb = 45◦.
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Figure 30. Pattern 2 beamforming results for the four-element array on the wedge-shaped
surface with θb = 45◦.
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Figure 31. Pattern 1 beamforming results for the four-element array on the cylindrical-
shaped surface with r = 10 cm.
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Figure 32. Pattern 2 beamforming results for the four-element array on the cylindrical-
shaped surface with r = 10 cm.
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7.5. Discussion

For the results in Figures 27-32 the most agreement is between the measured

results, the HFSS simulations and the analytical computations with the array weights

including mutual coupling. This illustrates the improved accuracy of the weights

computed using (5.9).

Also, when comparing the pattern 2 results in Figures 28 and 30, it is shown

that more disagreement between the results around −60◦ exist for the θb = 45◦ surface

than for the θb = 30◦ surface. This is thought to be be due to the more severe surface

deformation that exists for the θb = 45◦ surface.

Overall though, the array weights computed using (3.23) and (5.9) have been

shown to be accurate and the effects due to mutual coupling and surface deformations

on the radiation pattern have been demonstrated. Then again, the weights computed

using (5.9) can be used to model the coupling, and with proper optimization, an

improved beamformation could be achieved in a general setting that includes the

mutual coupling between elements on a changing conformal surface.
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Table 2. Array weights of the conformal antenna on the wedge-
shaped surface with θb = 30◦ without coupling using (4.17)

Pattern 1 weights Pattern 2 weights
w−2 = 0.9849∠128.76◦ w−2 = 0.3113∠−72.72◦

w−1 = 0.2119∠−75.85◦ w−1 = 0.5637∠135.57◦

w1 = 1∠35.24◦ w1 = 1∠−2.34◦

w2 = 0.5961∠−174.73◦ w2 = 0.8440∠−78.45◦

Table 3. Array weights of the conformal antenna on the wedge-
shaped surface with θb = 30◦ with coupling using (6.9)

Pattern 1 weights Pattern 2 weights
w−2 = 0.9621∠88.34◦ w−2 = 0.3550∠−112.26◦

w−1 = 0.2626∠−108.76◦ w−1 = 0.6054∠91.65◦

w1 = 1∠−8.08◦ w1 = 1∠−39.52◦

w2 = 0.6464∠146.62◦ w2 = 0.8424∠−124.08◦

Table 4. Array weights of the conformal antenna on the wedge-
shaped surface with θb = 45◦ without coupling using (4.17)

Pattern 1 weights Pattern 2 weights
w−2 = 1∠−153.99◦ w−2 = 0.2619∠−14.85◦

w−1 = 0.7462∠−31.91◦ w−1 = 0.2619∠165.14◦

w1 = 0.6266∠65.59◦ w1 = 1∠39.57◦

w2 = 0.5222∠−107.08◦ w2 = 0.8801∠−16.86◦
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Table 5. Array weights of the conformal antenna on the wedge-
shaped surface with θb = 45◦ with coupling using (6.9)

Pattern 1 weights Pattern 2 weights
w−2 = 1∠−155.04◦ w−2 = 0.3440∠−15.79◦

w−1 = 0.4090∠−56.29◦ w−1 = 0.1426∠121.26◦

w1 = 0.2436∠55.72◦ w1 = 0.1754∠20.97◦

w2 = 0.5353∠−116.44◦ w2 = 1∠−28.94◦

Table 6. Array weights of the conformal antenna on the cylindrical
surface with r = 10 cm without coupling using (4.17)

Pattern 1 weights Pattern 2 weights
w−2 = 0.9537∠48.27◦ w−2 = 0.5309∠−133.55◦

w−1 = 0.2258∠38.35◦ w−1 = 0.8599∠83.89◦

w1 = 1∠−7.36◦ w1 = 0.9131∠−51.41◦

w2 = 0.6003∠110.01◦ w2 = 1∠−136.09◦

Table 7. Array weights of the conformal antenna on the cylindrical
surface with r = 10 cm with coupling using (6.9)

Pattern 1 weights Pattern 2 weights
w−2 = 0.9751∠5.39◦ w−2 = 0.5924∠168.29◦

w−1 = 0.2665∠102.15◦ w−1 = 0.9428∠29.34◦

w1 = 1∠−75.79◦ w1 = 1∠−102.68◦

w2 = 0.9325∠61.92◦ w2 = 0.8889∠169.59◦
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Table 8. Measured attenuation of voltage variable attenuator

Control voltage (V) Attenuation (dB)
0.0 −34.9
0.1 −34.9
0.2 −34.9
0.3 −34.9
0.4 −34.9
0.5 −34.9
0.6 −34.9
0.7 −34.9
0.8 −34.9
0.9 −34.5
1.0 −34.1
1.1 −29.7
1.2 −27.8
1.3 −24.9
1.4 −22.4
1.5 −22.0
1.6 −19.9
1.7 −18.3
1.8 −17.7
1.9 −16.7
2.0 −16.0
2.1 −15.5
2.2 −14.9
2.3 −14.0
2.4 −13.7
2.5 −13.5
2.6 −12.8
2.7 −12.6
2.8 −12.3
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Control voltage (V) Attenuation (dB)
2.9 −11.9
3.0 −11.5
3.1 −11.2
3.2 −10.9
3.3 −10.7
3.4 −10.4
3.5 −10.3
3.6 −9.9
3.7 −9.7
3.8 −9.5
3.9 −9.3
4.0 −9.1
4.1 −8.8
4.2 −8.7
4.3 −8.6
4.4 −8.2
4.5 −8.1
4.6 −7.9
4.7 −7.7
4.8 −7.6
4.9 −7.3
5.0 −7.1
5.1 −6.9
5.2 −6.8
5.3 −6.6
5.4 −6.4
5.5 −6.3
5.6 −6.1
5.7 −5.9
5.8 −5.7
5.9 −5.6
6.0 −5.4
6.1 −5.3
6.2 −5.2
6.3 −5.1
6.4 −5.0
6.5 −5.0
6.6 −4.9
6.7 −4.9
6.8 −4.8
6.9 −4.8
7.0 −4.8
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Control voltage (V) Attenuation (dB)
7.1 −4.7
7.2 −4.7
7.3 −4.7
7.4 −4.7
7.5 −4.6
7.6 −4.6
7.7 −4.6
7.8 −4.6
7.9 −4.6
8.0 −4.5
8.1 −4.5
8.2 −4.5
8.3 −4.5
8.4 −4.5
8.5 −4.4
8.6 −4.4
8.7 −4.4
8.8 −4.4
8.9 −4.4
9.0 −4.3
9.1 −4.3
9.2 −4.3
9.3 −4.3
9.4 −4.3
9.5 −4.3
9.6 −4.3
9.7 −4.3
9.8 −4.3
9.9 −4.3
10.0 −4.2
10.1 −4.2
10.2 −4.2
10.3 −4.2
10.4 −4.2
10.5 −4.2
10.6 −4.2
10.7 −4.2
10.8 −4.2
10.9 −4.1
11.0 −4.1
11.1 −4.1
11.2 −4.1
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Control voltage (V) Attenuation (dB)
11.3 −4.1
11.4 −4.1
11.5 −4.1
11.6 −4.1
11.7 −4.1
11.8 −4.1
11.9 −4.1
12.0 −4.0
12.1 −4.0
12.2 −4.0
12.3 −4.0
12.4 −4.0
12.5 −4.0
12.6 −4.0
12.7 −4.0
12.8 −4.0
12.9 −4.0
13.0 −4.0
13.1 −4.0
13.2 −3.9
13.3 −3.9
13.4 −3.9
13.5 −3.9
13.6 −3.9
13.7 −3.9
13.8 −3.9
13.9 −3.9
14.0 −3.9
14.1 −3.9
14.2 −3.9
14.3 −3.9
14.4 −3.9
14.5 −3.9
14.6 −3.9
14.7 −3.9
14.8 −3.8
14.9 −3.8
15.0 −3.8
15.1 −3.8
15.2 −3.8
15.3 −3.8
15.4 −3.8
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Control voltage (V) Attenuation (dB)
15.5 −3.8
15.6 −3.8
15.7 −3.8
15.8 −3.8
15.9 −3.8
16.0 −3.8
16.1 −3.8
16.2 −3.8
16.3 −3.8
16.4 −3.8
16.5 −3.8
16.6 −3.8
16.7 −3.8
16.8 −3.8
16.9 −3.8
17.0 −3.8
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Table 9. Measured phase shift of analog phase shifter

Control voltage (V) Phase shift (degrees)
0.0 −82.9
0.1 −71.5
0.2 −66.4
0.3 −54.0
0.4 −48.0
0.5 −39.2
0.6 −32.8
0.7 −25.5
0.8 −16.6
0.9 −13.0
1.0 −5.3
1.1 0.0
1.2 7.0
1.3 14.2
1.4 17.3
1.5 23.0
1.6 29.6
1.7 35.2
1.8 37.6
1.9 43.7
2.0 48.9
2.1 53.5
2.2 59.3
2.3 63.1
2.4 67.7
2.5 70.6
2.6 75.8
2.7 79.7
2.8 83.8
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Control voltage (V) Phase shift (degrees)
2.9 87.0
3.0 94.8
3.1 98.7
3.2 101.8
3.3 105.9
3.4 109.0
3.5 115.4
3.6 119.1
3.7 122.8
3.8 126.8
3.9 130.5
4.0 135.6
4.1 139.7
4.2 143.0
4.3 146.7
4.4 149.6
4.5 153.2
4.6 158.0
4.7 161.2
4.8 165.4
4.9 169.6
5.0 174.0
5.1 178.3
5.2 −178.2
5.3 −176.0
5.4 −172.5
5.5 −167.0
5.6 −163.4
5.7 −161.9
5.8 −159.0
5.9 −155.9
6.0 −152.5
6.1 −148.3
6.2 −143.5
6.3 −140.8
6.4 −138.0
6.5 −133.5
6.6 −130.8
6.7 −127.3
6.8 −125.7
6.9 −123.4
7.0 −118.0
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Control voltage (V) Phase shift (degrees)
7.1 −115.7
7.2 −112.7
7.3 −110.0
7.4 −106.8
7.5 −103.2
7.6 −101.6
7.7 −98.4
7.8 −95.9
7.9 −92.2
8.0 −88.5
8.1 −86.0
8.2 −83.5
8.3 −81.9
8.4 −78.1
8.5 −77.0
8.6 −72.9
8.7 −70.8
8.8 −67.9
8.9 −64.2
9.0 −63.1
9.1 −60.7
9.2 −57.8
9.3 −55.2
9.4 −52.3
9.5 −48.7
9.6 −47.0
9.7 −44.4
9.8 −41.2
9.9 −39.4
10.0 −35.5
10.1 −33.4
10.2 −31.0
10.3 −28.3
10.4 −26.5
10.5 −23.3
10.6 −21.3
10.7 −18.6
10.8 −16.8
10.9 −15.2
11.0 −11.4
11.1 −8.9
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Control voltage (V) Phase shift (degrees)
11.2 −7.4
11.3 −5.8
11.4 −3.8
11.5 −1.9
11.6 0.0
11.7 2.0
11.8 3.1
11.9 5.0
12.0 5.8
12.1 7.9
12.2 9.2
12.3 10.3
12.4 11.1
12.5 12.6
12.6 13.6
12.7 14.2
12.8 14.7
12.9 15.8
13.0 16.4
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CHAPTER 8. CONCLUSION AND FUTURE WORK

In this work, the beamforming of a conformal antenna on a changing conformal

surface is investigated by relating the varying position of each antenna element in

the array to the weighting coefficients (i.e, array weights) required to give a desired

antenna beamformation. New matrices for computing the array weights that both do

not include and include the mutual coupling between elements have been investigated.

In particular, the beamforming of a 1×4 array on a changing wedge- and cylindrical-

shaped surface is studied using the projection method on a wavefront of a transmitted

wave in a particular direction. To validate the theory, a 1×4 prototype antenna with

individual voltage-controlled phase shifters and attenuators is used to implement the

computed weights of each individual antenna element for measurements in an anechoic

chamber. Overall agreement between theory, simulations and measurements is shown

throughout the work. Furthermore, the effects of mutual coupling and changing

conformal surfaces on the behavior of the beamforming pattern and array weights is

investigated and summarized.

Some research directions for future work are as follows:

• Investigate how coupling model with proper optimization could be used for an

improved beamformation.

• Investigate dependence of array weights on the cconformal surface geometry for

large number of antenna elements.

• Investigate beamformation patterns for other bend angles and various radius-

of-curvature values.

• Extension of projection and matrix methods for 2-D adaptive beamforming.

• Investigate half-power beamwidth of beamforming pattern on wedge- and

cylindrical-shaped conformal surfaces.
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APPENDIX A. ARRAY FACTOR OF THE

TWO-ELEMENT ADAPTIVE ARRAY IN FIGURE 11

The following MATLAB code plots the result in Figure 12.

% Two-element linear adaptive beamforming Matlab code

clc

close all;

clear all

format long

f = 2.45e9;

c = 3e8;

lambda = c/f;

N=2; % Number of array elements

d = .5*lambda; % Spacing between elements

k = 2*pi/lambda;

theta_SOI = 0*(pi/180); % Desired signal

theta_SNOI = 30*(pi/180); % Undesired signal

N1 = exp((-j*k*d/2)*sin(theta_SOI));

N2 = exp((-j*k*d/2)*sin(theta_SNOI));

P1 = exp((j*k*d/2)*sin(theta_SOI));

P2 = exp((j*k*d/2)*sin(theta_SNOI));

c1 = 1;

c2 = 0;

A = [N1,N2;P1,P2];

C = [c1;c2]’;

X = C/A;
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w1 = X(1);

w2 = X(2);

theta = 0:.005:pi/2;

psi1 = (-j*k*d/2).*sin(theta);

psi2 = (j*k*d/2).*sin(theta);

AF = w1.*exp(psi1) + w2.*exp(psi2);

AF_uncorr = sum(AF,1);

% AF_corrected = sum(E_corr,2);

plot(theta*180/pi,20*log10(abs(AF_uncorr)./max(abs(AF_uncorr))),’b’

,’linewidth’,2);

%title(’Linear Beamforming, SOI = 0 deg, SNOI = 30 deg’);

%xlabel(’\theta(degrees)’)

xlabel(’Observation angle (deg)’)

ylabel(’|AF(dB)|’)

%axis([0 90 -50 0])

% hold on;

% plot(phi*180/pi,abs(AF_corrected)./max(abs(AF_corrected)),’green’

,’linewidth’,2);

% title(’AF corrected’);

% xlabel(’\phi(degrees)’)

% ylabel(’|AF corrected|’)

grid on;

%%%%%%%%%%%%%%%%%%
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APPENDIX B. FOUR-ELEMENT LINEAR ADAPTIVE

BEAMFORMING

The following MATLAB code plots the result in Figure 15.

patch_L =[

90 0.024144799

89 0.024202698

88 0.025460208

87 0.025842421

86 0.027003252

85 0.027086285

84 0.02827785

83 0.028604263

82 0.029868525

81 0.030022325

80 0.031326955

79 0.03160479

78 0.032505428

77 0.033100665

76 0.034192131

75 0.034437357

74 0.035580972

73 0.03593466

72 0.037321

71 0.037702915

70 0.038814349

69 0.039466396

68 0.040615662

67 0.040615662

66 0.042476821

65 0.042783566

64 0.044163537

63 0.044611412

62 0.046088218

61 0.046288318

60 0.047646567

59 0.04779875

58 0.04908691

57 0.049477331

56 0.050550611

55 0.050943974

54 0.052210827

53 0.052682467

52 0.053998819

51 0.054350309

50 0.055719146

49 0.05613478

48 0.057416637

47 0.057763169

46 0.058954634

45 0.059491025

44 0.060579517

43 0.060974973

42 0.062181954

41 0.062499298

40 0.063711515

39 0.064249284

38 0.065476714

37 0.065858084

36 0.066973941

35 0.067451748

34 0.068270078

33 0.068673615

32 0.06963245

31 0.070235433

30 0.070750539

29 0.071099259

28 0.071792151

27 0.072064347

26 0.072792515

25 0.073158474

24 0.073600734

23 0.074114877

22 0.074451753

21 0.074600142

20 0.074977095

19 0.075218798

18 0.075309892

17 0.075624082

16 0.075713093

15 0.075689451

14 0.075987287

13 0.07599516

12 0.076245802

11 0.07625589

10 0.076442222

9 0.076761236

8 0.0768153

7 0.077209686

6 0.077446193

5 0.077973986

4 0.077996139
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3 0.078266176

2 0.078524608

1 0.078770171

0 0.079278325

-1 0.079549623

-2 0.079675862

-3 0.079920744

-4 0.080248813

-5 0.080436976

-6 0.080878403

-7 0.081102171

-8 0.081383502

-9 0.081495407

-10 0.081558238

-11 0.081582968

-12 0.080909581

-13 0.08084502

-14 0.080991533

-15 0.080803691

-16 0.080601674

-17 0.080335719

-18 0.07993881

-19 0.080503846

-20 0.080525703

-21 0.079994477

-22 0.079575728

-23 0.07935873

-24 0.078987676

-25 0.078824983

-26 0.078505742

-27 0.078491266

-28 0.078120014

-29 0.077997325

-30 0.077385804

-31 0.077318966

-32 0.076928788

-33 0.076902185

-34 0.076584109

-35 0.076328016

-36 0.076082693

-37 0.076115779

-38 0.075605604

-39 0.075518667

-40 0.07481973

-41 0.074784142

-42 0.074027881

-43 0.073523388

-44 0.072886041

-45 0.071966474

-46 0.070879909

-47 0.06966648

-48 0.068674259

-49 0.067274731

-50 0.066246732

-51 0.064659087

-52 0.063814256

-53 0.061993099

-54 0.06113115

-55 0.059305228

-56 0.058723802

-57 0.057232522

-58 0.056433756

-59 0.055095527

-60 0.054279074

-61 0.053109335

-62 0.053059373

-63 0.051562675

-64 0.050502174

-65 0.049172733

-66 0.048598564

-67 0.047001807

-68 0.046038091

-69 0.044832706

-70 0.043953753

-71 0.042776597

-72 0.041687643

-73 0.040777002

-74 0.03963423

-75 0.038679914

-76 0.037789898

-77 0.036467342

-78 0.035774145

-79 0.034657647

-80 0.033890048

-81 0.032423642

-82 0.031534522

-83 0.030522441

-84 0.029431902

-85 0.028543507

-86 0.027518828

-87 0.026507558

-88 0.025561485

-89 0.024970803

-90 0.024341084

];
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flat_case2_meas = [

90 0.004178841

89 0.004428091

88 0.004925039

87 0.005230579

86 0.005451382

85 0.00571653

84 0.005974008

83 0.006476511

82 0.006528059

81 0.006713558

80 0.007042773

79 0.007065189

78 0.007059268

77 0.007406107

76 0.007371889

75 0.007509358

74 0.007569094

73 0.007500692

72 0.007630044

71 0.007730213

70 0.007798932

69 0.007591736

68 0.00779716

67 0.007710387

66 0.007736525

65 0.007762983

64 0.007702506

63 0.007701099

62 0.007413842

61 0.007311047

60 0.007501069

59 0.006943238

58 0.006790176

57 0.006601613

56 0.006457391

55 0.00605359

54 0.005802025

53 0.005363554

52 0.005089504

51 0.004783626

50 0.004428172

49 0.00404494

48 0.003725093

47 0.003537821

46 0.003024429

45 0.002958658

44 0.002823405

43 0.002771293

42 0.002779514

41 0.002936561

40 0.003217482

39 0.003959221

38 0.004151317

37 0.004726628

36 0.00467064

35 0.005455118

34 0.005601592

33 0.006424173

32 0.006373272

31 0.006588426

30 0.006971204

29 0.006985498

28 0.006610779

27 0.006680981

26 0.006489406

25 0.005645648

24 0.005582324

23 0.005108217

22 0.00428802

21 0.003681107

20 0.002213897

19 0.002068933

18 0.001504575

17 0.001109036

16 0.002314823

15 0.003080714

14 0.004397075

13 0.005246818

12 0.00641813

11 0.007561151

10 0.008655401

9 0.009554146

8 0.010558906

7 0.011190835

6 0.011948117

5 0.012271322

4 0.012666064

3 0.012854754

2 0.012824353

1 0.012731188

0 0.012226641

-1 0.011719287

-2 0.011059824

-3 0.010228608

-4 0.009219035

-5 0.008281623

-6 0.007342474

-7 0.006455917

-8 0.006254719

-9 0.006594821

-10 0.007623901

-11 0.009001702

-12 0.010873614
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-13 0.013046768

-14 0.015339251

-15 0.017570484

-16 0.020069086

-17 0.022619093

-18 0.024813856

-19 0.027323744

-20 0.029548038

-21 0.031611005

-22 0.033862544

-23 0.035837158

-24 0.037267648

-25 0.039581443

-26 0.041000533

-27 0.042501301

-28 0.043525737

-29 0.044601749

-30 0.044884835

-31 0.045509278

-32 0.046735652

-33 0.046909374

-34 0.047263319

-35 0.046458055

-36 0.046722483

-37 0.046571156

-38 0.04653094

-39 0.0460037

-40 0.045481931

-41 0.044695678

-42 0.043229388

-43 0.042854284

-44 0.040957671

-45 0.040478147

-46 0.039339298

-47 0.037833048

-48 0.036904566

-49 0.035619417

-50 0.034214551

-51 0.033011087

-52 0.031462827

-53 0.03062015

-54 0.029297466

-55 0.028272739

-56 0.027004954

-57 0.02610238

-58 0.024999088

-59 0.02404854

-60 0.023016938

-61 0.021717568

-62 0.021118947

-63 0.020017596

-64 0.019038579

-65 0.018331378

-66 0.017459813

-67 0.016519591

-68 0.015740348

-69 0.01479844

-70 0.014052392

-71 0.0132248

-72 0.012538362

-73 0.01194036

-74 0.011462586

-75 0.010692009

-76 0.01010407

-77 0.009644152

-78 0.008964489

-79 0.008487271

-80 0.007924145

-81 0.007568791

-82 0.007302031

-83 0.00677906

-84 0.006512075

-85 0.006248755

-86 0.005870863

-87 0.005554268

-88 0.005326073

-89 0.005191894

-90 0.004866533

];
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flat_case2_sim = [

-1.80E+02

-1.91E+01

-1.79E+02

-1.82E+01

-1.78E+02

-1.75E+01

-1.77E+02

-1.69E+01

-1.76E+02

-1.64E+01

-1.75E+02

-1.61E+01

-1.74E+02

-1.59E+01

-1.73E+02

-1.57E+01

-1.72E+02

-1.56E+01

-1.71E+02

-1.56E+01

-1.70E+02

-1.57E+01

-1.69E+02

-1.59E+01

-1.68E+02

-1.62E+01

-1.67E+02

-1.65E+01

-1.66E+02

-1.69E+01

-1.65E+02

-1.74E+01

-1.64E+02

-1.80E+01

-1.63E+02

-1.87E+01

-1.62E+02

-1.95E+01

-1.61E+02

-2.04E+01

-1.60E+02

-2.14E+01

-1.59E+02

-2.26E+01

-1.58E+02

-2.39E+01

-1.57E+02

-2.53E+01

-1.56E+02

-2.67E+01

-1.55E+02

-2.78E+01

-1.54E+02

-2.83E+01

-1.53E+02

-2.80E+01

-1.52E+02

-2.71E+01

-1.51E+02

-2.60E+01

-1.50E+02

-2.49E+01

-1.49E+02

-2.38E+01

-1.48E+02

-2.29E+01

-1.47E+02

-2.21E+01

-1.46E+02

-2.15E+01

-1.45E+02

-2.09E+01

-1.44E+02

-2.05E+01

-1.43E+02

-2.01E+01

-1.42E+02

-1.98E+01

-1.41E+02

-1.96E+01

-1.40E+02

-1.94E+01

-1.39E+02

-1.93E+01

-1.38E+02

-1.93E+01

-1.37E+02

-1.93E+01

-1.36E+02

-1.93E+01

-1.35E+02

-1.94E+01

-1.34E+02

-1.94E+01

-1.33E+02

-1.95E+01

-1.32E+02

-1.96E+01

-1.31E+02

-1.97E+01

-1.30E+02

-1.98E+01

-1.29E+02
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-1.98E+01

-1.28E+02

-1.98E+01

-1.27E+02

-1.97E+01

-1.26E+02

-1.96E+01

-1.25E+02

-1.94E+01

-1.24E+02

-1.92E+01

-1.23E+02

-1.89E+01

-1.22E+02

-1.85E+01

-1.21E+02

-1.81E+01

-1.20E+02

-1.77E+01

-1.19E+02

-1.73E+01

-1.18E+02

-1.69E+01

-1.17E+02

-1.65E+01

-1.16E+02

-1.60E+01

-1.15E+02

-1.56E+01

-1.14E+02

-1.52E+01

-1.13E+02

-1.49E+01

-1.12E+02

-1.45E+01

-1.11E+02

-1.42E+01

-1.10E+02

-1.39E+01

-1.09E+02

-1.36E+01

-1.08E+02

-1.34E+01

-1.07E+02

-1.32E+01

-1.06E+02

-1.30E+01

-1.05E+02

-1.28E+01

-1.04E+02

-1.27E+01

-1.03E+02

-1.27E+01

-1.02E+02

-1.27E+01

-1.01E+02

-1.27E+01

-1.00E+02

-1.29E+01

-9.90E+01

-1.31E+01

-9.80E+01

-1.35E+01

-9.70E+01

-1.40E+01

-9.60E+01

-1.47E+01

-9.50E+01

-1.58E+01

-9.40E+01

-1.72E+01

-9.30E+01

-1.92E+01

-9.20E+01

-2.24E+01

-9.10E+01

-2.81E+01

-9.00E+01

-5.00E+01

-8.90E+01

-2.80E+01

-8.80E+01

-2.20E+01

-8.70E+01

-1.86E+01

-8.60E+01

-1.62E+01

-8.50E+01

-1.46E+01

-8.40E+01

-1.33E+01

-8.30E+01

-1.23E+01

-8.20E+01

-1.15E+01

-8.10E+01

-1.09E+01

-8.00E+01

-1.04E+01

-7.90E+01

-9.95E+00

-7.80E+01

-9.62E+00

-7.70E+01
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-9.36E+00

-7.60E+01

-9.15E+00

-7.50E+01

-8.99E+00

-7.40E+01

-8.88E+00

-7.30E+01

-8.80E+00

-7.20E+01

-8.76E+00

-7.10E+01

-8.75E+00

-7.00E+01

-8.78E+00

-6.90E+01

-8.83E+00

-6.80E+01

-8.91E+00

-6.70E+01

-9.03E+00

-6.60E+01

-9.18E+00

-6.50E+01

-9.35E+00

-6.40E+01

-9.57E+00

-6.30E+01

-9.81E+00

-6.20E+01

-1.01E+01

-6.10E+01

-1.04E+01

-6.00E+01

-1.08E+01

-5.90E+01

-1.12E+01

-5.80E+01

-1.17E+01

-5.70E+01

-1.22E+01

-5.60E+01

-1.28E+01

-5.50E+01

-1.35E+01

-5.40E+01

-1.42E+01

-5.30E+01

-1.51E+01

-5.20E+01

-1.61E+01

-5.10E+01

-1.72E+01

-5.00E+01

-1.85E+01

-4.90E+01

-2.01E+01

-4.80E+01

-2.20E+01

-4.70E+01

-2.45E+01

-4.60E+01

-2.81E+01

-4.50E+01

-3.35E+01

-4.40E+01

-3.56E+01

-4.30E+01

-3.34E+01

-4.20E+01

-2.97E+01

-4.10E+01

-2.65E+01

-4.00E+01

-2.40E+01

-3.90E+01

-2.22E+01

-3.80E+01

-2.09E+01

-3.70E+01

-2.00E+01

-3.60E+01

-1.92E+01

-3.50E+01

-1.87E+01

-3.40E+01

-1.84E+01

-3.30E+01

-1.82E+01

-3.20E+01

-1.81E+01

-3.10E+01

-1.82E+01

-3.00E+01

-1.85E+01

-2.90E+01

-1.90E+01

-2.80E+01

-1.97E+01

-2.70E+01

-2.07E+01

-2.60E+01

-2.20E+01

-2.50E+01

85



-2.38E+01

-2.40E+01

-2.65E+01

-2.30E+01

-3.11E+01

-2.20E+01

-3.57E+01

-2.10E+01

-3.41E+01

-2.00E+01

-2.77E+01

-1.90E+01

-2.36E+01

-1.80E+01

-2.08E+01

-1.70E+01

-1.86E+01

-1.60E+01

-1.69E+01

-1.50E+01

-1.55E+01

-1.40E+01

-1.42E+01

-1.30E+01

-1.32E+01

-1.20E+01

-1.23E+01

-1.10E+01

-1.16E+01

-1.00E+01

-1.10E+01

-9.00E+00

-1.04E+01

-8.00E+00

-1.00E+01

-7.00E+00

-9.68E+00

-6.00E+00

-9.44E+00

-5.00E+00

-9.29E+00

-4.00E+00

-9.23E+00

-3.00E+00

-9.26E+00

-2.00E+00

-9.39E+00

-1.00E+00

-9.63E+00

0.00E+00

-9.97E+00

1.00E+00

-1.04E+01

2.00E+00

-1.11E+01

3.00E+00

-1.19E+01

4.00E+00

-1.29E+01

5.00E+00

-1.42E+01

6.00E+00

-1.60E+01

7.00E+00

-1.84E+01

8.00E+00

-2.21E+01

9.00E+00

-2.77E+01

1.00E+01

-3.09E+01

1.10E+01

-2.35E+01

1.20E+01

-1.87E+01

1.30E+01

-1.55E+01

1.40E+01

-1.31E+01

1.50E+01

-1.12E+01

1.60E+01

-9.68E+00

1.70E+01

-8.37E+00

1.80E+01

-7.24E+00

1.90E+01

-6.26E+00

2.00E+01

-5.40E+00

2.10E+01

-4.64E+00

2.20E+01

-3.96E+00

2.30E+01

-3.37E+00

2.40E+01

-2.84E+00

2.50E+01

-2.37E+00

2.60E+01

-1.95E+00

2.70E+01
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-1.58E+00

2.80E+01

-1.26E+00

2.90E+01

-9.85E-01

3.00E+01

-7.47E-01

3.10E+01

-5.45E-01

3.20E+01

-3.78E-01

3.30E+01

-2.43E-01

3.40E+01

-1.39E-01

3.50E+01

-6.50E-02

3.60E+01

-1.81E-02

3.70E+01

2.52E-03

3.80E+01

-1.77E-03

3.90E+01

-2.99E-02

4.00E+01

-8.07E-02

4.10E+01

-1.53E-01

4.20E+01

-2.46E-01

4.30E+01

-3.59E-01

4.40E+01

-4.91E-01

4.50E+01

-6.41E-01

4.60E+01

-8.09E-01

4.70E+01

-9.94E-01

4.80E+01

-1.19E+00

4.90E+01

-1.41E+00

5.00E+01

-1.64E+00

5.10E+01

-1.88E+00

5.20E+01

-2.14E+00

5.30E+01

-2.41E+00

5.40E+01

-2.69E+00

5.50E+01

-2.99E+00

5.60E+01

-3.29E+00

5.70E+01

-3.61E+00

5.80E+01

-3.93E+00

5.90E+01

-4.26E+00

6.00E+01

-4.61E+00

6.10E+01

-4.96E+00

6.20E+01

-5.31E+00

6.30E+01

-5.68E+00

6.40E+01

-6.06E+00

6.50E+01

-6.44E+00

6.60E+01

-6.82E+00

6.70E+01

-7.22E+00

6.80E+01

-7.62E+00

6.90E+01

-8.03E+00

7.00E+01

-8.45E+00

7.10E+01

-8.88E+00

7.20E+01

-9.32E+00

7.30E+01

-9.77E+00

7.40E+01

-1.02E+01

7.50E+01

-1.07E+01

7.60E+01

-1.12E+01

7.70E+01

-1.18E+01

7.80E+01

-1.23E+01

7.90E+01
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-1.29E+01

8.00E+01

-1.36E+01

8.10E+01

-1.44E+01

8.20E+01

-1.52E+01

8.30E+01

-1.62E+01

8.40E+01

-1.74E+01

8.50E+01

-1.88E+01

8.60E+01

-2.07E+01

8.70E+01

-2.31E+01

8.80E+01

-2.66E+01

8.90E+01

-3.27E+01

9.00E+01

-5.00E+01

9.10E+01

-3.22E+01

9.20E+01

-2.65E+01

9.30E+01

-2.33E+01

9.40E+01

-2.12E+01

9.50E+01

-1.97E+01

9.60E+01

-1.86E+01

9.70E+01

-1.78E+01

9.80E+01

-1.71E+01

9.90E+01

-1.66E+01

1.00E+02

-1.62E+01

1.01E+02

-1.59E+01

1.02E+02

-1.56E+01

1.03E+02

-1.54E+01

1.04E+02

-1.52E+01

1.05E+02

-1.51E+01

1.06E+02

-1.49E+01

1.07E+02

-1.48E+01

1.08E+02

-1.47E+01

1.09E+02

-1.46E+01

1.10E+02

-1.46E+01

1.11E+02

-1.45E+01

1.12E+02

-1.45E+01

1.13E+02

-1.44E+01

1.14E+02

-1.44E+01

1.15E+02

-1.43E+01

1.16E+02

-1.43E+01

1.17E+02

-1.43E+01

1.18E+02

-1.42E+01

1.19E+02

-1.42E+01

1.20E+02

-1.42E+01

1.21E+02

-1.41E+01

1.22E+02

-1.41E+01

1.23E+02

-1.40E+01

1.24E+02

-1.40E+01

1.25E+02

-1.39E+01

1.26E+02

-1.38E+01

1.27E+02

-1.37E+01

1.28E+02

-1.36E+01

1.29E+02

-1.35E+01

1.30E+02

-1.33E+01

1.31E+02
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-1.32E+01

1.32E+02

-1.30E+01

1.33E+02

-1.29E+01

1.34E+02

-1.27E+01

1.35E+02

-1.25E+01

1.36E+02

-1.23E+01

1.37E+02

-1.21E+01

1.38E+02

-1.19E+01

1.39E+02

-1.17E+01

1.40E+02

-1.15E+01

1.41E+02

-1.13E+01

1.42E+02

-1.12E+01

1.43E+02

-1.10E+01

1.44E+02

-1.09E+01

1.45E+02

-1.07E+01

1.46E+02

-1.06E+01

1.47E+02

-1.05E+01

1.48E+02

-1.05E+01

1.49E+02

-1.05E+01

1.50E+02

-1.04E+01

1.51E+02

-1.05E+01

1.52E+02

-1.05E+01

1.53E+02

-1.06E+01

1.54E+02

-1.08E+01

1.55E+02

-1.09E+01

1.56E+02

-1.11E+01

1.57E+02

-1.14E+01

1.58E+02

-1.17E+01

1.59E+02

-1.21E+01

1.60E+02

-1.25E+01

1.61E+02

-1.30E+01

1.62E+02

-1.36E+01

1.63E+02

-1.43E+01

1.64E+02

-1.51E+01

1.65E+02

-1.59E+01

1.66E+02

-1.70E+01

1.67E+02

-1.82E+01

1.68E+02

-1.97E+01

1.69E+02

-2.16E+01

1.70E+02

-2.41E+01

1.71E+02

-2.74E+01

1.72E+02

-3.13E+01

1.73E+02

-3.47E+01

1.74E+02

-3.48E+01

1.75E+02

-3.00E+01

1.76E+02

-2.60E+01

1.77E+02

-2.35E+01

1.78E+02

-2.16E+01

1.79E+02

-2.02E+01

1.80E+02

-1.91E+01

];

% patch_L = [ ] is the single patch pattern at 2.47 GHz from
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% measurement.

% First column represents observation angles

% (from -90 to 90 degrees)

% and second column is the actual measurement data

% flat_case2_meas = [ ] is the measurement data of the

% four element linear array for case 2

% flat_case2_sim = [ ] is the simulation (ADS) data of the

% four element linear array for case 2

% Scanning of four element linear array using equations

close all;

clear all;

clc;

format long

N =4;

c = 3e8;

f = 2.47e9;

lambda = c/f;

d = lambda/2;

k = (2*pi)/lambda;

theta_b = 0*pi/180;

theta_s = 40*(pi/180); % Angle from x-axis = 90 deg or angle

% from z-axis = 0 deg

% Four elements antenna array

% Projections on wavefront

th0 = theta_s; %0*(pi/180); % Desired angle

th1 = -45*(pi/180); %-20*(pi/180); % first interferer angle
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th2 = -25*(pi/180); %10*(pi/180); % second interferer angle

th3 = 10*(pi/180); %30*(pi/180); % third interferer angle

th_array = [th0 th1 th2 th3];

for m = 1:length(th_array)

if th_array(m)<0

th_pl(m) = theta_b-abs(th_array(m));

th_pr(m) = -theta_b-abs(th_array(m));

elseif th_array(m)>=0

th_pl(m) = theta_b+abs(th_array(m));

th_pr(m) = -theta_b+abs(th_array(m));

else

%do nothing

end

end

patch_L_norm = patch_L(:,2)./max(patch_L(:,2));

patch_L(:,2) = patch_L_norm; % Second column

patch_L(:,1) = flipud(patch_L(:,1)); % First column

% th_array = [th0 th1 th2 th3]*180/pi;

th_pl = th_pl*180/pi % 40, -45, -25, 10

th_pr = th_pr*180/pi % 40, -45, -25, 10

for n = 1:length(patch_L);

if th_pl(1) == patch_L(n,1)

el1 = patch_L(n,2);
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el2 = el1;

else

%do nothing

end

end

for n = 1:length(patch_L);

if th_pr(1) == patch_L(n,1)

er3 = patch_L(n,2);

er4 = er3;

else

%do nothing

end

end

% Element pattern value at SOI = 40 deg

% el1 = 0.971750929679342;

% el2 = 0.971750929679342;

% er3 = 0.971750929679342;

% er4 = 0.971750929679342;

% Left element #1 on a wedge

psi1_SOI = exp(-1j*k*(3*d/2)*sin(theta_b + th0))*el1;

% Left element #2 on a wedge

psi2_SOI = exp(-1j*k*(d/2)*sin(theta_b + th0))*el2;

% Right element #3 on a wedge

psi3_SOI = exp(-1j*k*(d/2)*sin(theta_b - th0))*er3;

% Right element #4 on a wedge
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psi4_SOI = exp(-1j*k*(3*d/2)*sin(theta_b - th0))*er4;

SOI = [psi1_SOI psi2_SOI psi3_SOI psi4_SOI].’; % a0

for n = 1:length(patch_L);

if th_pl(2) == patch_L(n,1)

el1 = patch_L(n,2);

el2 = el1;

else

%do nothing

end

end

for n = 1:length(patch_L);

if th_pr(2) == patch_L(n,1)

er3 = patch_L(n,2);

er4 = er3;

else

%do nothing

end

end

% Element pattern value at SNOI = -45 deg

% el1 = 0.919028773260615;

% el2 = 0.919028773260615;

% er3 = 0.919028773260615;

% er4 = 0.919028773260615;

psi1_SNOI1 = exp(-1j*k*(3*d/2)*sin(theta_b + th1))*el1;
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psi2_SNOI1 = exp(-1j*k*(d/2)*sin(theta_b + th1))*el2;

psi3_SNOI1 = exp(-1j*k*(d/2)*sin(theta_b - th1))*er3;

psi4_SNOI1 = exp(-1j*k*(3*d/2)*sin(theta_b - th1))*er4;

SNOI1 = [psi1_SNOI1 psi2_SNOI1 psi3_SNOI1 psi4_SNOI1].’; % a1

for n = 1:length(patch_L);

if th_pl(3) == patch_L(n,1)

el1 = patch_L(n,2);

el2 = el1;

else

%do nothing

end

end

for n = 1:length(patch_L);

if th_pr(3) == patch_L(n,1)

er3 = patch_L(n,2);

er4 = er3;

else

%do nothing

end

end

% Element pattern value at SNOI = -45 deg

% el1 = 0.999696873004179;

% el2 = 0.999696873004179;

% er3 = 0.999696873004179;

% er4 = 0.999696873004179;
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psi1_SNOI2 = exp(-1j*k*(3*d/2)*sin(theta_b + th2))*el1;

psi2_SNOI2 = exp(-1j*k*(d/2)*sin(theta_b + th2))*el2;

psi3_SNOI2 = exp(-1j*k*(d/2)*sin(theta_b - th2))*er3;

psi4_SNOI2 = exp(-1j*k*(3*d/2)*sin(theta_b - th2))*er4;

SNOI2 = [psi1_SNOI2 psi2_SNOI2 psi3_SNOI2 psi4_SNOI2].’; % a2

tol = 0; % Not required for this case

for n = 1:length(patch_L);

if th_pl(4)+tol == patch_L(n,1)

el1 = patch_L(n,2);

el2 = el1;

else

%do nothing

end

end

for n = 1:length(patch_L);

if th_pr(4)+tol == patch_L(n,1)

er3 = patch_L(n,2);

er4 = er3;

else

%do nothing

end

end

% Element pattern value at SNOI = 10 deg

% el1 = 0.948553428455802;
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% el2 = 0.948553428455802;

% er3 = 0.948553428455802;

% er4 = 0.948553428455802;

psi1_SNOI3 = exp(-1j*k*(3*d/2)*sin(theta_b + th3))*el1;

psi2_SNOI3 = exp(-1j*k*(d/2)*sin(theta_b + th3))*el2;

psi3_SNOI3 = exp(-1j*k*(d/2)*sin(theta_b - th3))*er3;

psi4_SNOI3 = exp(-1j*k*(3*d/2)*sin(theta_b - th3))*er4;

SNOI3 = [psi1_SNOI3 psi2_SNOI3 psi3_SNOI3 psi4_SNOI3].’; % a3

% Left element #1 on a wedge

% psi1_SOI = exp(-1j*k*(3*d/2)*sin(theta_b + th0))*

cos(th0 + theta_b);

% Left element #2 on a wedge

% psi2_SOI = exp(-1j*k*(d/2)*sin(theta_b + th0))*

cos(th0 + theta_b);

% Right element #3 on a wedge

% psi3_SOI = exp(-1j*k*(d/2)*sin(theta_b - th0))*

cos(th0 - theta_b);

% Right element #4 on a wedge

% psi4_SOI = exp(-1j*k*(3*d/2)*sin(theta_b - th0))*

cos(th0 - theta_b);

% SOI = [psi1_SOI psi2_SOI psi3_SOI psi4_SOI].’; % a0

%

% psi1_SNOI1 = exp(-1j*k*(3*d/2)*sin(theta_b + th1))*

cos(th1 + theta_b);
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% psi2_SNOI1 = exp(-1j*k*(d/2)*sin(theta_b + th1))*cos(th1 + theta_b);

% psi3_SNOI1 = exp(-1j*k*(d/2)*sin(theta_b - th1))*

cos(th1 - theta_b);

% psi4_SNOI1 = exp(-1j*k*(3*d/2)*sin(theta_b - th1))*

cos(th1 - theta_b);

% SNOI1 = [psi1_SNOI1 psi2_SNOI1 psi3_SNOI1 psi4_SNOI1].’; % a1

%

% psi1_SNOI2 = exp(-1j*k*(3*d/2)*sin(theta_b + th2))*

cos(th2 + theta_b);

% psi2_SNOI2 = exp(-1j*k*(d/2)*sin(theta_b + th2))*

cos(th2 + theta_b);

% psi3_SNOI2 = exp(-1j*k*(d/2)*sin(theta_b - th2))*

cos(th2 - theta_b);

% psi4_SNOI2 = exp(-1j*k*(3*d/2)*sin(theta_b - th2))*

cos(th2 - theta_b);

% SNOI2 = [psi1_SNOI2 psi2_SNOI2 psi3_SNOI2 psi4_SNOI2].’; % a2

%

% psi1_SNOI3 = exp(-1j*k*(3*d/2)*sin(theta_b + th3))*

cos(th3 + theta_b);

% psi2_SNOI3 = exp(-1j*k*(d/2)*sin(theta_b + th3))*

cos(th3 + theta_b);

% psi3_SNOI3 = exp(-1j*k*(d/2)*sin(theta_b - th3))*

cos(th3 - theta_b);

% psi4_SNOI3 = exp(-1j*k*(3*d/2)*sin(theta_b - th3))*

cos(th3 - theta_b);

% SNOI3 = [psi1_SNOI3 psi2_SNOI3 psi3_SNOI3 psi4_SNOI3].’; % a3
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A = [SOI SNOI1 SNOI2 SNOI3];

u = [1 0 0 0];

%0w1 = u*inv(A)

w = u/A;

w_mag_norm = abs(w)./max(abs(w));

w_mag_dB = 20*log10(w_mag_norm)

w_phase_deg = angle(w).*(180/pi)

% Array factor

theta = (pi/180)*(-90:1:90);

e_r = cos(theta - theta_b); % Element pattern

% for right 2 elements at

% theta = 45 deg from z-axis

e_l = cos(theta + theta_b); % Element pattern

% for left 2 elements at

% theta = -45 deg from z-axis

u1 = sin(theta);

u2 = cos(theta);

x_n = [-3*d/2*cos(theta_b),-d/2*cos(theta_b),d/2*

cos(theta_b),3*d/2*

cos(theta_b)];

z_n = -[3*d/2*sin(theta_b),d/2*sin(theta_b),d/2*

sin(theta_b),3*d/2*

sin(theta_b)];

AP = w(1).*(patch_L_norm.’).*exp(j.*k.*(x_n(1).*u1 +
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z_n(1).*u2))

+ ...

w(2).*(patch_L_norm.’).*exp(j.*k.*(x_n(2).*u1 +

z_n(2).*u2))

+ ...

w(3).*(patch_L_norm.’).*exp(j.*k.*(x_n(3).*u1 +

z_n(3).*u2))

+ ...

w(4).*(patch_L_norm.’).*exp(j.*k.*(x_n(4).*u1 +

z_n(4).*u2));

AP_norm = abs(AP)./max(abs(AP));

flat_case2_meas_norm = flat_case2_meas(:,2)./

max(abs(flat_case2_meas(:,2)));

set(0,’DefaultAxesColorOrder’,[0 0 0], ...

’DefaultLineMarkerSize’, 8, ...

’DefaultAxesFontSize’, 16, ...

’DefaultTextFontSize’, 16, ...

’DefaultLineLineWidth’,2);

plot(theta*180/pi,20*log10(AP_norm),’k-’);

hold on

plot(-flat_case2_meas(:,1),20*log10(flat_case2_meas_norm),’k.’);

hold on

plot(flat_case2_sim(:,1),flat_case2_sim(:,2),’kx’);
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xlabel(’\theta (deg)’)

ylabel(’|E_{\phi}| (dB)’)

axis([-90 90 -50 0])

legend(’Analytical (without coupling)’,’Measured’,’ADS’)

% th = -90:1:90;

% figure

% plot(th,20*log10(patch_L_norm))

100



APPENDIX C. COMPLEX WEIGHTS FOR THE

THREE-ELEMENT ARRAY ON THE WEDGE-SHAPED

CONFORMAL SURFACE

The following MATLAB code plots the result in Figures 20-21.

% Effect of bend angles --- three elements antenna

close all;

clear all;

clc;

format short

N =3;

c = 3e8;

f = 2.47e9;

lambda = c/f;

d = lambda/2;

k = (2*pi)/lambda;

theta_b = (0:60)*pi/180;

theta_s = 40*(pi/180); % SOI

th0 = theta_s; %40*(pi/180); %receive angle

th1 = -45*(pi/180); %-45*(pi/180); % first interferer angle

th2 = 10*(pi/180); %10*(pi/180); % second interferer angle

th01 = 40;

th11 = -45;

th22 = 10;

theta_b1 = 0:60;

%###########################################################
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% For SOI, SNOI = or > 0

for ii = 1:length(theta_b1)

if (th01 <= theta_b1(ii))

psi1_SOI(ii) = exp(-1j.*k.*(d).*sin(theta_b(ii) + th0))

.*cos(th0 + theta_b(ii));

psi2_SOI(ii) = exp(-1j.*k*(0).*sin(theta_b(ii) + th0)).*cos(th0);

psi3_SOI(ii) = exp(-1j.*k*(d).*sin(theta_b(ii) - th0))

.*cos(th0 - theta_b(ii));

SOI1(:,ii) = [psi1_SOI(ii) psi2_SOI(ii) psi3_SOI(ii)].’;

elseif (th01 > theta_b1(ii))

psi11_SOI(ii) = exp(-1j.*k.*(d).*sin(theta_b(ii) + th0))

.*cos(th0 + theta_b(ii));

psi22_SOI(ii) = exp(-1j.*k.*(0).*sin(theta_b(ii) + th0)).*cos(th0);

psi33_SOI(ii) = exp(1j.*k.*(d).*sin(th0 - theta_b(ii)))

.*cos(th0 - theta_b(ii));

SOI2(:,ii) = [psi11_SOI(ii) psi22_SOI(ii) psi33_SOI(ii)].’;

else

end

end

SOI = [SOI2 SOI1(:,41:61,:)]; % a0

%##########################################################

% For SOI, SNOI < 0

for ii = 1:length(theta_b1)

if (abs(th11) <= theta_b1(ii))

psi1_SNOI1(ii) = exp(-1j.*k.*(d)*sin(theta_b(ii) - abs(th1)))

.*cos(-abs(th1) + theta_b(ii));
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psi2_SNOI1(ii) = exp(-1j.*k*(0).*sin(theta_b(ii) + abs(th1)))

.*cos(th1);

psi3_SNOI1(ii) = exp(-1j.*k*(d).*sin(theta_b(ii) + abs(th1)))

.*cos(-abs(th1) - theta_b(ii));

SNOI1_1(:,ii) = [psi1_SNOI1(ii) psi2_SNOI1(ii) psi3_SNOI1(ii)].’;

elseif (abs(th11) > theta_b1(ii))

psi11_SNOI1(ii) = exp(1j.*k.*(d).*sin(-theta_b(ii) + abs(th1)))

.*cos(-abs(th1) + theta_b(ii));

psi22_SNOI1(ii) = exp(-1j.*k.*(0).*sin(theta_b(ii) + abs(th1)))

.*cos(th1);

psi33_SNOI1(ii) = exp(-1j.*k.*(d).*sin(abs(th1) + theta_b(ii)))

.*cos(-abs(th1) - theta_b(ii));

SNOI1_2(:,ii) = [psi11_SNOI1(ii) psi22_SNOI1(ii) psi33_SNOI1(ii)].’;

else

end

end

SNOI1 = [SNOI1_2 SNOI1_1(:,46:61,:)]; % a1

%##########################################################

% For SOI, SNOI = or > 0

for ii = 1:length(theta_b1)

if (th22 <= theta_b1(ii))

psi1_SNOI2(ii) = exp(-1j.*k.*(d)*sin(theta_b(ii) + th2))

.*cos(th2 + theta_b(ii));

psi2_SNOI2(ii) = exp(-1j.*k*(0).*sin(theta_b(ii) + th2)).*cos(th2);

psi3_SNOI2(ii) = exp(-1j.*k*(d).*sin(theta_b(ii) - th2))

.*cos(th2 - theta_b(ii));
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SNOI2_1(:,ii) = [psi1_SNOI2(ii) psi2_SNOI2(ii) psi3_SNOI2(ii)].’;

elseif (th22 > theta_b1(ii))

psi11_SNOI2(ii) = exp(-1j.*k.*(d).*sin(theta_b(ii) + th2))

.*cos(th2 + theta_b(ii));

psi22_SNOI2(ii) = exp(-1j.*k.*(0).*sin(theta_b(ii) + th2)).*cos(th2);

psi33_SNOI2(ii) = exp(1j.*k.*(d).*sin(th2 - theta_b(ii)))

.*cos(th2 - theta_b(ii));

SNOI2_2(:,ii) = [psi11_SNOI2(ii) psi22_SNOI2(ii) psi33_SNOI2(ii)].’;

else

end

end

SNOI2 = [SNOI2_2 SNOI2_1(:,11:61,:)]; % a2

%#########################################################

u = [1 0 0];

for p = 1:length(theta_b1)

A = [SOI(:,p) SNOI1(:,p) SNOI2(:,p)];

w(:,p) = u/A; % For each bend angle the complex weights are

% stored in column vectors

w_mag_norm(:,p) = abs(w(:,p))./max(abs(w(:,p)));

w_mag_dB(:,p) = 20*log10(w_mag_norm(:,p));

w_phase_deg(:,p) = angle(w(:,p)).*(180/pi);

end

set(0,’DefaultAxesColorOrder’,[0 0 0], ...

’DefaultLineMarkerSize’, 8, ...

’DefaultAxesFontSize’, 16, ...
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’DefaultTextFontSize’, 16, ...

’DefaultLineLineWidth’,2);

plot(theta_b1,w_mag_dB(1,:),’k-’)

hold on

plot(theta_b1,w_mag_dB(2,:),’k--’)

hold on

plot(theta_b1,w_mag_dB(3,:),’kx’)

axis([0 60 -15 5])

xlabel(’\theta_b(deg)’)

ylabel(’Amplitude excitation(dB)’)

legend(’|w_{-1}|’,’|w_0|’,’|w_1|’)

% Phase in degrees

figure

plot(theta_b1,w_phase_deg(1,:),’k-’)

hold on

plot(theta_b1,w_phase_deg(2,:),’k--’)

hold on

plot(theta_b1,w_phase_deg(3,:),’kx’)

axis([0 60 -180 180])

xlabel(’\theta_b(deg)’)

ylabel(’Phase excitation(deg)’)

legend(’w^{\circ}_{-1}’,’w^{\circ}_0’,’w^{\circ}_1’)
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APPENDIX D. COMPLEX WEIGHTS FOR THE

THREE-ELEMENT ARRAY ON THE

CYLINDRICAL-SHAPED CONFORMAL SURFACE

The following MATLAB code plots the result in Figures 22-23.

% Effect of various radius of curvature --- three elements antenna

close all;

clear all;

clc;

format short

N =3;

c = 3e8;

f = 2.47e9;

lambda = c/f;

d = lambda/2;

k = (2*pi)/lambda;

theta_s = 40*(pi/180); % SOI

th0 = theta_s; %40*(pi/180); %receive angle

th1 = -45*(pi/180); %-45*(pi/180); % first interferer angle

th2 = 10*(pi/180); %10*(pi/180); % second interferer angle

r = (10:200).*1/100; % Radius of curvature varies from

% 10cm to 200cm

for ii = 1:length(r)

theta1(ii) = d./r(ii);

theta2(ii) = theta1(ii);

phi1(ii) = pi/2 - theta1(ii);
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phi2(ii) = pi/2;

phi3(ii) = phi1(ii);

x_n1(ii) = -r(ii).*cos(phi3(ii));

x_n2(ii) = 0;

x_n3(ii) = -x_n1(ii);

z_n1(ii) = r(ii).*sin(phi3(ii));

z_n2(ii) = 0;

z_n3(ii) = z_n1(ii);

h_n1(ii) = sqrt((0-x_n1(ii))^2 + (r(ii)-z_n1(ii))^2);

h_n2(ii) = 0;

h_n3(ii) = h_n1(ii);

phi_inv1(ii) = asin((r(ii)-z_n1(ii))./h_n1(ii));

phi_inv2(ii) = 0;

phi_inv3(ii) = phi_inv1(ii);

phi_inv(ii,:) = [phi_inv1(ii) phi_inv2(ii) phi_inv3(ii)];

theta_b = phi_inv; % First row contains 3 bend angles

% corresponding to r = 10cm,

% second row contains 3 bend angles corresponding to r = 11cm

% and so on. We have total 191 radii

end

%############################################################

% theta_s = 40 deg > theta_b

for ii = 1:length(r)

if (th0 <= theta_b(ii,1))

psi1_SOI(ii) = exp(-1j.*k.*h_n1(ii).*sin(theta_b(ii,1) +

abs(th0))).*cos(pi/2-phi1(ii)+th0);
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psi2_SOI(ii) = exp(1j.*k.*h_n2(ii).*sin(theta_b(ii,2) +

abs(th0))).*cos(th0);

psi3_SOI(ii) = exp(-1j.*k.*h_n3(ii).*sin(theta_b(ii,3) -

abs(th0))).*cos(pi/2-phi3(ii)-th0);

SOI1(:,ii) = [psi1_SOI(ii) psi2_SOI(ii) psi3_SOI(ii)].’;

elseif (th0 > theta_b(ii,1))

psi11_SOI(ii) = exp(-1j.*k.*h_n1(ii).*sin(theta_b(ii,1) +

abs(th0))).*cos(pi/2-phi1(ii)+th0);

psi22_SOI(ii) = exp(1j.*k.*h_n2(ii).*sin(theta_b(ii,2) +

abs(th0))).*cos(th0);

psi33_SOI(ii) = exp(1j.*k.*h_n3(ii).*sin(-theta_b(ii,3) +

abs(th0))).*cos(pi/2-phi3(ii)-th0);

SOI2(:,ii) = [psi11_SOI(ii) psi22_SOI(ii) psi33_SOI(ii)].’;

else

end

end

SOI = SOI2; % a0

% %########################################################

% For |SNOI1| = 45 > theta_b

for ii = 1:length(r)

if (abs(th1) <= theta_b(ii,1))

psi1_SNOI1(ii) = exp(1j.*k.*h_n1(ii).*sin(theta_b(ii,1) -

abs(th1))).*cos(pi/2-phi1(ii)+th1);

psi2_SNOI1(ii) = exp(1j.*k.*h_n2(ii).*sin(theta_b(ii,2) +

abs(th1))).*cos(th1);

psi3_SNOI1(ii) = exp(-1j.*k.*h_n3(ii).*sin(theta_b(ii,3) +
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abs(th1))).*cos(pi/2-phi3(ii)-th1);

SNOI1_1(:,ii) = [psi1_SNOI1(ii) psi2_SNOI1(ii) psi3_SNOI1(ii)].’;

elseif (abs(th1) > theta_b(ii,1))

psi11_SNOI1(ii) = exp(1j.*k.*h_n1(ii).*sin(-theta_b(ii,1) +

abs(th1))).*cos(pi/2-phi1(ii)+th1);

psi22_SNOI1(ii) = exp(1j.*k.*h_n2(ii).*sin(theta_b(ii,2) +

abs(th1))).*cos(th1);

psi33_SNOI1(ii) = exp(-1j.*k.*h_n3(ii).*sin(theta_b(ii,3) +

abs(th1))).*cos(pi/2-phi3(ii)-th1);

SNOI1_2(:,ii) = [psi11_SNOI1(ii) psi22_SNOI1(ii) psi33_SNOI1(ii)].’;

else

end

end

SNOI1 = SNOI1_2; % a1

% %#######################################################

% For SNOI2 = 10 < theta_b for r = 10 cm to 17 cm (8 rows)

for ii = 1:length(r)

if (th2 <= theta_b(ii,1))

psi1_SNOI2(ii) = exp(-1j.*k.*h_n1(ii).*sin(theta_b(ii,1) +

abs(th2))).*cos(pi/2-phi1(ii)+th2);

psi2_SNOI2(ii) = exp(1j*k*h_n2(ii)*sin(theta_b(ii,2) +

abs(th2)))*cos(th2);

psi3_SNOI2(ii) = exp(-1j.*k.*h_n3(ii).*sin(theta_b(ii,3) -

abs(th2))).*cos(pi/2-phi3(ii)-th2);

SNOI2_1(:,ii) = [psi1_SNOI2(ii) psi2_SNOI2(ii) psi3_SNOI2(ii)].’;

elseif (th2 > theta_b(ii,1))
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psi11_SNOI2(ii) = exp(-1j.*k.*h_n1(ii).*sin(theta_b(ii,1) +

abs(th2))).*cos(pi/2-phi1(ii)+th2);

psi22_SNOI2(ii) = exp(1j.*k.*h_n2(ii).*sin(theta_b(ii,2) +

abs(th2))).*cos(th2);

psi33_SNOI2(ii) = exp(1j.*k.*h_n3(ii).*sin(-theta_b(ii,3) +

abs(th2))).*cos(pi/2-phi3(ii)-th2);

SNOI2_2(:,ii) = [psi11_SNOI2(ii) psi22_SNOI2(ii) psi33_SNOI2(ii)].’;

else

end

end

SNOI2 = [SNOI2_1 SNOI2_2(:,9:191,:)]; % a2

% %#####################################################

u = [1 0 0];

r = 10:200;

for p = 1:length(r)

A = [SOI(:,p) SNOI1(:,p) SNOI2(:,p)];

w(:,p) = u/A; % For each radius of curvature the

% complex weights are stored in column vectors

w_mag_norm(:,p) = abs(w(:,p))./max(abs(w(:,p)));

w_mag_dB(:,p) = 20*log10(w_mag_norm(:,p));

w_phase_deg(:,p) = angle(w(:,p)).*(180/pi);

end

set(0,’DefaultAxesColorOrder’,[0 0 0], ...

’DefaultLineMarkerSize’, 8, ...

’DefaultAxesFontSize’, 16, ...

’DefaultTextFontSize’, 16, ...
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’DefaultLineLineWidth’,2);

plot(r,w_mag_dB(1,:),’k-’)

hold on

plot(r,w_mag_dB(2,:),’k--’)

hold on

plot(r,w_mag_dB(3,:),’kx’)

axis([10 200 -15 5])

xlabel(’r(cm)’)

ylabel(’Amplitude excitation(dB)’)

legend(’|w_{-1}|’,’|w_0|’,’|w_1|’)

% Phase in degrees

figure

plot(r,w_phase_deg(1,:),’k-’)

hold on

plot(r,w_phase_deg(2,:),’k--’)

hold on

plot(r,w_phase_deg(3,:),’kx’)

axis([10 200 -180 180])

xlabel(’r(cm)’)

ylabel(’Phase excitation(deg)’)

legend(’w^{\circ}_{-1}’,’w^{\circ}_0’,’w^{\circ}_1’)
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APPENDIX E. PATTERN 1 BEAMFORMING RESULTS

WITH θB = 30◦

The following MATLAB code plots the result in Figure 27 for the four-element array

on the wedge-shaped surface with θb = 30◦.

corrected_case1_meas = [

90 0.006692691

88 0.007080323

86 0.007819778

84 0.008373371

82 0.009104818

80 0.009853097

78 0.010604021

76 0.010993699

74 0.011549337

72 0.012155138

70 0.0125841

68 0.013142217

66 0.013118707

64 0.013832338

62 0.014019421

60 0.014615701

58 0.014928607

56 0.015292193

54 0.015665211

52 0.015705626

50 0.015956246

48 0.015674528

46 0.015141212

44 0.014736793

42 0.013725229

40 0.012895978

38 0.011460324

36 0.009798744

34 0.008076701

32 0.005865916

30 0.003606596

28 0.0012849

26 0.002153772

24 0.004649697

22 0.007612913

20 0.010448968

18 0.013497526

16 0.016198968

14 0.01882764

12 0.021035553

10 0.023046018

8 0.024576311

6 0.025652349

4 0.026297819

2 0.026375809

0 0.026314212

-2 0.025519039

-4 0.024029896

-6 0.022591967

-8 0.020528933

-10 0.018331675

-12 0.015953291

-14 0.013460963

-16 0.010944254

-18 0.008517558

-20 0.006436512

-22 0.004832949

-24 0.003640987

-26 0.003410148

-28 0.003863726

-30 0.004389201

-32 0.005051456

-34 0.00555894

-36 0.005688009

-38 0.005711569

-40 0.005252876

-42 0.004897707

-44 0.002845428

-46 0.002675644

-48 0.002688795

-50 0.004725773

-52 0.005325033

-54 0.005720824

-56 0.006349963

-58 0.006861805

-60 0.00737798

-62 0.007734741

-64 0.00799993

-66 0.008181294

-68 0.008169831

-70 0.008269471

-72 0.00825517
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-74 0.008476529

-76 0.00842451

-78 0.0086779

-80 0.008682349

-82 0.008603541

-84 0.008568125

-86 0.008327717

-88 0.008308542

-90 0.008006422

];

HFSS_case1 = [

-90 -5.909279832

-89 -5.844976835

-88 -5.785821183

-87 -5.732479173

-86 -5.685597106

-85 -5.645805565

-84 -5.613724498

-83 -5.589969

-82 -5.57515565

-81 -5.569909304

-80 -5.574870253

-79 -5.590701651

-78 -5.61809715

-77 -5.657788688

-76 -5.710554411

-75 -5.777226709

-74 -5.85870042

-73 -5.955941271

-72 -6.069994684

-71 -6.201995141

-70 -6.353176359

-69 -6.524882637

-68 -6.718581784

-67 -6.935880202

-66 -7.178540777

-65 -7.448504405

-64 -7.747916142

-63 -8.079157143

-62 -8.444883767

-61 -8.84807541

-60 -9.292092708

-59 -9.780747634

-58 -10.31838626

-57 -10.90998296

-56 -11.56123979

-55 -12.27867358

-54 -13.06964778

-53 -13.94224983

-52 -14.90478953

-51 -15.96441611

-50 -17.12374973

-49 -18.37322005

-48 -19.67498335

-47 -20.93449463

-46 -21.97083271

-45 -22.54522392

-44 -22.51455999

-43 -21.97126199

-42 -21.15239973

-41 -20.26499487

-40 -19.42797638

-39 -18.69519252

-38 -18.08662914

-37 -17.60758505

-36 -17.25817194

-35 -17.0376506

-34 -16.94631525

-33 -16.98619946

-32 -17.16104486

-31 -17.47538711

-30 -17.93187499

-29 -18.52454103

-28 -19.22308332

-27 -19.94042093

-26 -20.48549253

-25 -20.56318086

-24 -19.94866536

-23 -18.71730073

-22 -17.1578549

-21 -15.52263885

-20 -13.9456037

-19 -12.47856373

-18 -11.13378143

-17 -9.907570532

-16 -8.790885851

-15 -7.773651145

-14 -6.846384332

-13 -6.000707742

-12 -5.22941667

-11 -4.526386833

-10 -3.886435799

-9 -3.305183688

-8 -2.77892923

-7 -2.304545201

-6 -1.879392538

-5 -1.501250903

-4 -1.168263146

-3 -0.878891369

-2 -0.631882659

-1 -0.426242966
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0 -0.261217976

1 -0.136280144

2 -0.051121388

3 -0.005651171

4 0

5 -0.034528647

6 -0.109843691

7 -0.226820386

8 -0.386634319

9 -0.590803964

10 -0.841247113

11 -1.140355372

12 -1.491092673

13 -1.897126315

14 -2.363002821

15 -2.894386685

16 -3.498388752

17 -4.184024428

18 -4.962862204

19 -5.84995253

20 -6.865164015

21 -8.03507315

22 -9.395423741

23 -10.99327979

24 -12.88348287

25 -15.09247025

26 -17.43281007

27 -18.95736252

28 -18.32963149

29 -16.26530377

30 -14.08341923

31 -12.19112155

32 -10.60747615

33 -9.279985781

34 -8.15668442

35 -7.196854718

36 -6.36994717

37 -5.653025173

38 -5.028630059

39 -4.483240595

40 -4.006198759

41 -3.588961749

42 -3.224575823

43 -2.907300827

44 -2.632338025

45 -2.395629653

46 -2.193708998

47 -2.023586534

48 -1.882662134

49 -1.768656366

50 -1.679555909

51 -1.613569528

52 -1.569092049

53 -1.54467447

54 -1.538998848

55 -1.550856999

56 -1.579132279

57 -1.62278397

58 -1.680833889

59 -1.752354982

60 -1.836461716

61 -1.932302126

62 -2.039051422

63 -2.155907038

64 -2.282085033

65 -2.416817722

66 -2.55935241

67 -2.708951074

68 -2.864890827

69 -3.026464988

70 -3.192984552

71 -3.363779882

72 -3.538202425

73 -3.715626293

74 -3.895449568

75 -4.077095212

76 -4.260011539

77 -4.443672206

78 -4.62757575

79 -4.81124474

80 -4.994224627

81 -5.176082412

82 -5.356405278

83 -5.5347993

84 -5.710888387

85 -5.884313543

86 -6.054732562

87 -6.2218202

88 -6.385268855

89 -6.544789765

90 -6.700114678

];
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%close all;

clear all;

clc;

format short

N =4;

c = 3e8;

f = 2.47e9;

lambda = c/f;

d = lambda/2;

k = (2*pi)/lambda;

theta_b = 30*pi/180;

theta_s = 0*(pi/180);

% Four elements antenna array

% Projections on wavefront

th0 = theta_s; %0*(pi/180); %receive angle

th1 = -30*(pi/180); %-20*(pi/180); % first interferer angle

th2 = 30*(pi/180); %10*(pi/180); % second interferer angle

th3 = 40*(pi/180); %30*(pi/180); % third interferer angle

% For SOI, SNOI = 0

psi1_SOI = exp(-1j*k*(3*d/2)*sin(theta_b - abs(th0)))*

cos(theta_b - abs(th0));

psi2_SOI = exp(-1j*k*(d/2)*sin(theta_b - abs(th0)))*

cos(theta_b - abs(th0));

psi3_SOI = exp(-1j*k*(d/2)*sin(theta_b + abs(th0)))*

cos(-abs(th0) - theta_b);

psi4_SOI = exp(-1j*k*(3*d/2)*sin(theta_b + abs(th0)))*
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cos(-abs(th0) - theta_b);

SOI = [psi1_SOI psi2_SOI psi3_SOI psi4_SOI].’; % a0

% For SOI, SNOI < 0

psi1_SNOI1 = exp(-1j*k*(3*d/2)*sin(theta_b - abs(th1)))*

cos(theta_b - abs(th1));

psi2_SNOI1 = exp(-1j*k*(d/2)*sin(theta_b - abs(th1)))*

cos(theta_b - abs(th1));

psi3_SNOI1 = exp(-1j*k*(d/2)*sin(theta_b + abs(th1)))*

cos(-theta_b - abs(th1));

psi4_SNOI1 = exp(-1j*k*(3*d/2)*sin(theta_b + abs(th1)))*

cos(-theta_b - abs(th1));

SNOI1 = [psi1_SNOI1 psi2_SNOI1 psi3_SNOI1 psi4_SNOI1].’; % a1

% For SOI, SNOI > 0

psi1_SNOI2 = exp(-1j*k*(3*d/2)*sin(theta_b + abs(th2)))*

cos(theta_b + abs(th2));

psi2_SNOI2 = exp(-1j*k*(d/2)*sin(theta_b + abs(th2)))*

cos(theta_b + abs(th2));

psi3_SNOI2 = exp(-1j*k*(d/2)*sin(theta_b - abs(th2)))*

cos(-theta_b + abs(th2));

psi4_SNOI2 = exp(-1j*k*(3*d/2)*sin(theta_b - abs(th2)))*

cos(-theta_b + abs(th2));

SNOI2 = [psi1_SNOI2 psi2_SNOI2 psi3_SNOI2 psi4_SNOI2].’; % a2

% For SOI, SNOI > 0

psi1_SNOI3 = exp(-1j*k*(3*d/2)*sin(theta_b + th3))*

cos(abs(th3) + theta_b);

psi2_SNOI3 = exp(-1j*k*(d/2)*sin(theta_b + th3))*
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cos(abs(th3) + theta_b);

psi3_SNOI3 = exp(1j*k*(d/2)*sin(-theta_b + th3))*

cos(abs(th3) - theta_b);

psi4_SNOI3 = exp(1j*k*(3*d/2)*sin(-theta_b + th3))*

cos(abs(th3) - theta_b);

SNOI3 = [psi1_SNOI3 psi2_SNOI3 psi3_SNOI3 psi4_SNOI3].’; % a3

A = [SOI SNOI1 SNOI2 SNOI3];

u = [1 0 0 0];

%#####################################################%

w = u/A; % Weights with out including effect of

% mutual coupling

%######################################

% Z parameters from HFSS

% Self Terms

Z11 = -7.045083-37.356893i;

% Mutual Terms

Z12 = -3.174079+2.976914i;

Z13 = -0.578495+0.547187i;

Z14 = 0.363317-0.010929i;

Z21 = Z12;

Z23 = 0.684065+0.205307i;

Z24 = -0.533723+0.461377i;

Z31 = Z13;

Z32 = Z23;

Z34 = -3.008657+3.121613i;

Z41 = Z14;
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Z42 = Z24;

Z43 = Z34;

Z22 = Z11;

Z33 = Z11;

Z44 = Z11;

Z0 = 50;

% Normalized Impdance Matrix

Z = [Z11/Z0 Z12/Z0 Z13/Z0 Z14/Z0;Z21/Z0 Z22/Z0 Z23/Z0 Z24/Z0;

Z31/Z0 Z32/Z0 Z33/Z0 Z34/Z0;Z41/Z0 Z42/Z0 Z43/Z0 Z44/Z0];

I = eye(4);

Zc = Z + I; %Normalized coupling matrix

Ac = Zc\A; %inv(Zc)*A;

wc = u/Ac;

% Weights with out mutual coupling

w_mag_norm = abs(w)./max(abs(w))

%w_mag_dB = 20*log10(w_mag_norm)

w_phase_deg = angle(w).*(180/pi)

% Weights including effect of mutual coupling

wc_mag_norm = abs(wc)./max(abs(wc))

%wc_mag_dB = 20*log10(wc_mag_norm)

wc_phase_deg = angle(wc).*(180/pi)

% Array factor

theta = (pi/180)*(-90:180/628:90);

% Element pattern for right 2 elements at theta = 45 deg

% from z-axis

e_r3 = cos(theta-theta_b);
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e_r4 = e_r3;

% Element pattern for left 2 elements at theta = -45 deg

% from z-axis

e_l1 = cos(theta+theta_b);

e_l2 = e_l1;

u1 = sin(theta);

u2 = cos(theta);

x_n = [-3*d/2*cos(theta_b),-d/2*cos(theta_b),d/2*cos(theta_b),

3*d/2*cos(theta_b)];

z_n = -[3*d/2*sin(theta_b),d/2*sin(theta_b),d/2*sin(theta_b),

3*d/2*sin(theta_b)];

figure

% No mutual ccoupling

AP = w(1).*e_l1.*exp(j.*k.*(x_n(1).*u1 + z_n(1).*u2)) + ...

w(2).*e_l2.*exp(j.*k.*(x_n(2).*u1 + z_n(2).*u2))+ ...

w(3).*e_r3.*exp(j.*k.*(x_n(3).*u1 + z_n(3).*u2))+ ...

w(4).*e_r4.*exp(j.*k.*(x_n(4).*u1 + z_n(4).*u2));

% Effects of mutual coupling

APc = wc(1).*e_l1.*exp(j.*k.*(x_n(1).*u1 + z_n(1).*u2)) + ...

wc(2).*e_l2.*exp(j.*k.*(x_n(2).*u1 + z_n(2).*u2))+ ...

wc(3).*e_r3.*exp(j.*k.*(x_n(3).*u1 + z_n(3).*u2))+ ...

wc(4).*e_r4.*exp(j.*k.*(x_n(4).*u1 + z_n(4).*u2));

AP_norm = abs(AP)./max(abs(AP));

APc_norm = abs(APc)./max(abs(APc));

corrected_norm_case1_meas = abs(corrected_case1_meas(:,2))
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./max((corrected_case1_meas(:,2)));

set(0,’DefaultAxesColorOrder’,[0 0 0], ...

’DefaultLineMarkerSize’, 8, ...

’DefaultAxesFontSize’, 16, ...

’DefaultTextFontSize’, 16, ...

’DefaultLineLineWidth’,2);

plot(theta*180/pi,20*log10(AP_norm),’k-’);

hold on

plot(theta*180/pi,20*log10(APc_norm),’k--’);

hold on

plot(-corrected_case1_meas(:,1),20*log10(corrected_norm_case1_meas)

,’k.’);

hold on

plot(-HFSS_case1(:,1),HFSS_case1(:,2),’kx’);

xlabel(’\theta (deg)’)

ylabel(’|E_{\phi}| (dB)’)

axis([-90 90 -50 0])

legend(’Analytical (without coupling)’,’Analytical (with coupling)’

,’Measured’,’HFSS’)
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APPENDIX F. PATTERN 2 BEAMFORMING RESULTS

WITH θB = 30◦

The following MATLAB code plots the result in Figure 28 for the four-element array

on the wedge-shaped surface with θb = 30◦.

corrected_case2_meas = [

90 0.004220868

88 0.004444672

86 0.004443148

84 0.00453669

82 0.004589679

80 0.004484053

78 0.004284591

76 0.004354331

74 0.004106122

72 0.003984888

70 0.003946051

68 0.004128244

66 0.004296232

64 0.00428141

62 0.004538039

60 0.004574521

58 0.00442433

56 0.004241933

54 0.003954799

52 0.003505184

50 0.003017168

48 0.002403623

46 0.00175381

44 0.001157766

42 0.0007837

40 0.001302571

38 0.00174356

36 0.002254915

34 0.002557885

32 0.002722796

30 0.002897831

28 0.002892292

26 0.002555009

24 0.002329757

22 0.001942776

20 0.001165711

18 0.000603597

16 0.000326677

14 0.001009476

12 0.001921237

10 0.002987791

8 0.00375383

6 0.004732502

4 0.005396961

2 0.005838472

0 0.006132557

-2 0.006338963

-4 0.006017846

-6 0.005531844

-8 0.00478087

-10 0.003888337

-12 0.002861724

-14 0.002288054

-16 0.00292005

-18 0.004322997

-20 0.006318995

-22 0.008365565

-24 0.010469019

-26 0.012672781

-28 0.014748917

-30 0.016527311

-32 0.018422544

-34 0.019996418

-36 0.021548117

-38 0.022778625

-40 0.023763395

-42 0.024377632

-44 0.024791414

-46 0.025069236

-48 0.025065618

-50 0.024888825

-52 0.024469079

-54 0.023894853

-56 0.023225097

-58 0.022296355

-60 0.021420613

-62 0.020503092

-64 0.019305546

-66 0.018233178

-68 0.017502542

-70 0.016737769

-72 0.015929921

-74 0.015341722
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-76 0.014746527

-78 0.014178994

-80 0.013317915

-82 0.01285356

-84 0.012207997

-86 0.011562143

-88 0.011094396

-90 0.010550721

];

HFSS_case2 = [

-90 -7.915357656

-89 -7.721438441

-88 -7.521382873

-87 -7.315639042

-86 -7.104689439

-85 -6.889042871

-84 -6.669226974

-83 -6.445781519

-82 -6.219252574

-81 -5.99018759

-80 -5.759131392

-79 -5.52662304

-78 -5.293193479

-77 -5.059363893

-76 -4.825644637

-75 -4.592534651

-74 -4.360521242

-73 -4.130080133

-72 -3.901675701

-71 -3.675761332

-70 -3.452779846

-69 -3.233163959

-68 -3.017336786

-67 -2.805712359

-66 -2.598696206

-65 -2.396685991

-64 -2.200072261

-63 -2.009239321

-62 -1.824566271

-61 -1.64642822

-60 -1.475197702

-59 -1.311246299

-58 -1.154946459

-57 -1.006673506

-56 -0.866807808

-55 -0.73573709

-54 -0.613858829

-53 -0.501582723

-52 -0.39933318

-51 -0.307551787

-50 -0.22669976

-49 -0.157260335

-48 -0.099741105

-47 -0.054676332

-46 -0.022629242

-45 -0.004194367

-44 0

-43 -0.010710838

-42 -0.03703093

-41 -0.079707043

-40 -0.139532588

-39 -0.217352273

-38 -0.314067668

-37 -0.430643892

-36 -0.568117679

-35 -0.727607122

-34 -0.910323459

-33 -1.117585328

-32 -1.350836076

-31 -1.611664779

-30 -1.901831915

-29 -2.223300802

-28 -2.578276357

-27 -2.969253115

-26 -3.399075178

-25 -3.871011533

-24 -4.388851388

-23 -4.957025617

-22 -5.580762247

-21 -6.266285964

-20 -7.021073096

-19 -7.854172317

-18 -8.776590844

-17 -9.80170801

-16 -10.9455607

-15 -12.2264976

-14 -13.66267982

-13 -15.26294927

-12 -16.99865498

-11 -18.72960526

-10 -20.08035399

-9 -20.50567551

-8 -19.87269208

-7 -18.65680291

-6 -17.33258792

-5 -16.11511223

-4 -15.06378637

-3 -14.18017194

-2 -13.44940526

-1 -12.85431185
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0 -12.37960056

1 -12.01276087

2 -11.74394681

3 -11.5656117

4 -11.47213876

5 -11.45953667

6 -11.52521109

7 -11.66780602

8 -11.88710544

9 -12.18398658

10 -12.56041688

11 -13.01948645

12 -13.56546174

13 -14.20383126

14 -14.94127584

15 -15.78540708

16 -16.74391121

17 -17.82226112

18 -19.01811077

19 -20.30844866

20 -21.6232869

21 -22.80552148

22 -23.59824831

23 -23.76540391

24 -23.30920182

25 -22.46746869

26 -21.49546944

27 -20.54807133

28 -19.69363323

29 -18.95404313

30 -18.33074197

31 -17.81738181

32 -17.40532391

33 -17.0858548

34 -16.85097821

35 -16.69360253

36 -16.60747406

37 -16.58699907

38 -16.62700633

39 -16.72245965

40 -16.86810927

41 -17.05806191

42 -17.28524859

43 -17.54078293

44 -17.81324131

45 -18.08797579

46 -18.34670297

47 -18.56777512

48 -18.72762939

49 -18.80372198

50 -18.77860578

51 -18.64388046

52 -18.40226078

53 -18.06668455

54 -17.65691921

55 -17.19528632

56 -16.70309212

57 -16.19850311

58 -15.69578035

59 -15.20540926

60 -14.73466006

61 -14.28826401

62 -13.86904226

63 -13.47842505

64 -13.11685364

65 -12.78407968

66 -12.47938324

67 -12.20172972

68 -11.94988219

69 -11.72248176

70 -11.51810528

71 -11.33530707

72 -11.17264904

73 -11.02872263

74 -10.90216447

75 -10.79166731

76 -10.69598715

77 -10.61394727

78 -10.54443959

79 -10.48642383

80 -10.43892478

81 -10.40102812

82 -10.3718751

83 -10.35065649

84 -10.3366063

85 -10.32899556

86 -10.32712662

87 -10.33032837

88 -10.3379526

89 -10.3493718

90 -10.36397864

];
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%###################################

%close all;

clear all;

clc;

format short

N =4;

c = 3e8;

f = 2.47e9;

lambda = c/f;

d = lambda/2;

k = (2*pi)/lambda;

theta_b = 30*(pi/180);

theta_s = 40*(pi/180); % Angle from x-axis = 90 deg or angle

% from z-axis = 0 deg

% Four elements antenna array

% Projections on wavefront

th0 = theta_s; %0*(pi/180); %receive angle

th1 = -45*(pi/180); %-20*(pi/180); % first interferer angle

th2 = -25*(pi/180); %10*(pi/180); % second interferer angle

th3 = 10*(pi/180); %30*(pi/180); % third interferer angle

% For SOI, SNOI = or > 0

psi1_SOI = exp(-1j*k*(3*d/2)*sin(theta_b + th0))*

cos(th0 + theta_b);

psi2_SOI = exp(-1j*k*(d/2)*sin(theta_b + th0))*

cos(th0 + theta_b);
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psi3_SOI = exp(1j*k*(d/2)*sin(-theta_b + th0))*

cos(th0 - theta_b);

psi4_SOI = exp(1j*k*(3*d/2)*sin(-theta_b + th0))*

cos(th0 - theta_b);

SOI = [psi1_SOI psi2_SOI psi3_SOI psi4_SOI].’; % a0

% For SOI, SNOI < 0

psi1_SNOI1 = exp(1j*k*(3*d/2)*sin(-theta_b + abs(th1)))*

cos(theta_b - abs(th1));

psi2_SNOI1 = exp(1j*k*(d/2)*sin(-theta_b + abs(th1)))*

cos(theta_b - abs(th1));

psi3_SNOI1 = exp(-1j*k*(d/2)*sin(theta_b + abs(th1)))*

cos(-theta_b - abs(th1));

psi4_SNOI1 = exp(-1j*k*(3*d/2)*sin(theta_b + abs(th1)))*

cos(-theta_b - abs(th1));

SNOI1 = [psi1_SNOI1 psi2_SNOI1 psi3_SNOI1 psi4_SNOI1].’; % a1

% For SOI, SNOI < 0

psi1_SNOI2 = exp(-1j*k*(3*d/2)*sin(theta_b - abs(th2)))*

cos(theta_b - abs(th2));

psi2_SNOI2 = exp(-1j*k*(d/2)*sin(theta_b - abs(th2)))*

cos(theta_b - abs(th2));

psi3_SNOI2 = exp(-1j*k*(d/2)*sin(theta_b + abs(th2)))*

cos(-theta_b - abs(th2));

psi4_SNOI2 = exp(-1j*k*(3*d/2)*sin(theta_b + abs(th2)))*

cos(-theta_b - abs(th2));

SNOI2 = [psi1_SNOI2 psi2_SNOI2 psi3_SNOI2 psi4_SNOI2].’; % a2

% For SOI, SNOI = or > 0
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psi1_SNOI3 = exp(-1j*k*(3*d/2)*sin(theta_b + th3))*

cos(th3 + theta_b);

psi2_SNOI3 = exp(-1j*k*(d/2)*sin(theta_b + th3))*

cos(th3 + theta_b);

psi3_SNOI3 = exp(-1j*k*(d/2)*sin(theta_b - th3))*

cos(th3 - theta_b);

psi4_SNOI3 = exp(-1j*k*(3*d/2)*sin(theta_b - th3))*

cos(th3 - theta_b);

SNOI3 = [psi1_SNOI3 psi2_SNOI3 psi3_SNOI3 psi4_SNOI3].’; % a3

A = [SOI SNOI1 SNOI2 SNOI3];

u = [1 0 0 0];

%######################################################%

w = u/A; % Weights with out including effect of

% mutual coupling

%######################################

% Z parameters from HFSS

% Self Terms

Z11 = -7.045083-37.356893i;

% Mutual Terms

Z12 = -3.174079+2.976914i;

Z13 = -0.578495+0.547187i;

Z14 = 0.363317-0.010929i;

Z21 = Z12;

Z23 = 0.684065+0.205307i;

Z24 = -0.533723+0.461377i;
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Z31 = Z13;

Z32 = Z23;

Z34 = -3.008657+3.121613i;

Z41 = Z14;

Z42 = Z24;

Z43 = Z34;

Z22 = Z11;

Z33 = Z11;

Z44 = Z11;

Z0 = 50;

% Normalized Impdance Matrix

Z = [Z11/Z0 Z12/Z0 Z13/Z0 Z14/Z0;Z21/Z0 Z22/Z0 Z23/Z0 Z24/Z0;

Z31/Z0 Z32/Z0 Z33/Z0 Z34/Z0;Z41/Z0 Z42/Z0 Z43/Z0 Z44/Z0];

I = eye(4);

Zc = Z + I; %Normalized coupling matrix

Ac = Zc\A; %inv(Zc)*A;

wc = u/Ac;

w_mag_norm = abs(w)./max(abs(w))

%w_mag_dB = 20*log10(w_mag_norm)

w_phase_deg = angle(w).*(180/pi)

wc_mag_norm = abs(wc)./max(abs(wc))

%wc_mag_dB = 20*log10(wc_mag_norm)

wc_phase_deg = angle(wc).*(180/pi)

% Array factor

theta = (pi/180)*(-90:180/628:90);

%theta = (pi/180)*(-90:2:90);
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% Element pattern for right 2 elements at theta = 45 deg

% from z-axis

e_r3 = cos(theta-theta_b);

e_r4 = e_r3;

% Element pattern for left 2 elements at theta = -45 deg

% from z-axis

e_l1 = cos(theta+theta_b);

e_l2 = e_l1;

u1 = sin(theta);

u2 = cos(theta);

% w = [1,1,1,1];

x_n = [-3*d/2*cos(theta_b),-d/2*cos(theta_b),d/2*cos(theta_b),

3*d/2*cos(theta_b)];

z_n = -[3*d/2*sin(theta_b),d/2*sin(theta_b),d/2*sin(theta_b),

3*d/2*sin(theta_b)];

figure

% No mutual ccoupling

AP = w(1).*e_l1.*exp(1i.*k.*(x_n(1).*u1 + z_n(1).*u2)) + ...

w(2).*e_l2.*exp(j.*k.*(x_n(2).*u1 + z_n(2).*u2))+ ...

w(3).*e_r3.*exp(j.*k.*(x_n(3).*u1 + z_n(3).*u2))+ ...

w(4).*e_r4.*exp(j.*k.*(x_n(4).*u1 + z_n(4).*u2));

% Effects of mutual coupling

APc = wc(1).*e_l1.*exp(j.*k.*(x_n(1).*u1 + z_n(1).*u2)) + ...

wc(2).*e_l2.*exp(j.*k.*(x_n(2).*u1 + z_n(2).*u2))+ ...
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wc(3).*e_r3.*exp(j.*k.*(x_n(3).*u1 + z_n(3).*u2))+ ...

wc(4).*e_r4.*exp(j.*k.*(x_n(4).*u1 + z_n(4).*u2));

AP_norm = abs(AP)./max(abs(AP));

APc_norm = abs(APc)./max(abs(APc));

corrected_norm_case2_meas = abs(corrected_case2_meas(:,2))

./max((corrected_case2_meas(:,2)));

set(0,’DefaultAxesColorOrder’,[0 0 0], ...

’DefaultLineMarkerSize’, 8, ...

’DefaultAxesFontSize’, 16, ...

’DefaultTextFontSize’, 16, ...

’DefaultLineLineWidth’,2);

plot(theta*180/pi,20*log10(AP_norm),’k-’);

hold on

plot(theta*180/pi,20*log10(APc_norm),’k--’);

hold on

plot(-corrected_case2_meas(:,1),20*log10(corrected_norm_case2_meas)

,’k.’);

hold on

plot(-HFSS_case2(:,1),HFSS_case2(:,2),’kx’);
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APPENDIX G. PATTERN 1 BEAMFORMING RESULTS

WITH θB = 45◦

The following MATLAB code plots the result in Figure 29 for the four-element array

on the wedge-shaped surface with θb = 45◦.

corrected_case1_meas = [

90 0.015910452

88 0.016811439

86 0.017241097

84 0.017790437

82 0.018417578

80 0.018876269

78 0.019255906

76 0.019614756

74 0.019538757

72 0.020068021

70 0.020496742

68 0.020551686

66 0.020643515

64 0.020829283

62 0.020186192

60 0.020297114

58 0.019616228

56 0.019277051

54 0.018153763

52 0.017498869

50 0.016068692

48 0.014951028

46 0.013259581

44 0.011353368

42 0.009269644

40 0.007317156

38 0.005192306

36 0.002879459

34 0.000578943

32 0.001798237

30 0.004099249

28 0.006534775

26 0.008890837

24 0.010919162

22 0.012959365

20 0.01486889

18 0.016499958

16 0.018088668

14 0.019200106

12 0.020048644

10 0.020415133

8 0.020298281

6 0.02016646

4 0.019032016

2 0.018327811

0 0.01677469

-2 0.015566668

-4 0.013698969

-6 0.011659929

-8 0.009566591

-10 0.007325754

-12 0.005386197

-14 0.003243998

-16 0.001398905

-18 0.001019148

-20 0.0024917

-22 0.003978367

-24 0.005150232

-26 0.006024717

-28 0.006815874

-30 0.007217144

-32 0.007511271

-34 0.00748713

-36 0.007516696

-38 0.007209161

-40 0.006657587

-42 0.005641956

-44 0.00459156

-46 0.003559439

-48 0.002362186

-50 0.001364653

-52 0.000741468

-54 0.001717006

-56 0.002839978

-58 0.003568427

-60 0.004370457

-62 0.005097717

-64 0.005684456

-66 0.006331588

-68 0.007116319

-70 0.007322464

-72 0.008189359
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-74 0.008813356

-76 0.009144497

-78 0.009794232

-80 0.009970523

-82 0.00990223

-84 0.010024559

-86 0.00942773

-88 0.009087614

-90 0.008701712

];

HFSS_case1 = [

-90 -6.767111408

-89 -6.847054958

-88 -6.936622134

-87 -7.036336925

-86 -7.146774334

-85 -7.268567594

-84 -7.402418251

-83 -7.549109459

-82 -7.709522781

-81 -7.884658756

-80 -8.075661458

-79 -8.283847323

-78 -8.510738563

-77 -8.758101695

-76 -9.027992033

-75 -9.322805501

-74 -9.645339943

-73 -9.998869251

-72 -10.38723538

-71 -10.81496576

-70 -11.28742733

-69 -11.81103382

-68 -12.39353159

-67 -13.04440254

-66 -13.7754446

-65 -14.60162612

-64 -15.54237066

-63 -16.62352623

-62 -17.88041463

-61 -19.36245736

-60 -21.13925375

-59 -23.30225929

-58 -25.91730188

-57 -28.66101192

-56 -29.70706437

-55 -27.80706282

-54 -25.12526494

-53 -22.80129229

-52 -20.91942716

-51 -19.39050582

-50 -18.13148271

-49 -17.08227235

-48 -16.20071638

-47 -15.45693549

-46 -14.82938882

-45 -14.30232707

-44 -13.86415979

-43 -13.50640015

-42 -13.22297758

-41 -13.00979101

-40 -12.86442669

-39 -12.78599611

-38 -12.77507079

-37 -12.83370675

-36 -12.96556558

-35 -13.17615517

-34 -13.473236

-33 -13.86747453

-32 -14.37349001

-31 -15.01156352

-30 -15.81053082

-29 -16.81294204

-28 -18.08493974

-27 -19.73706355

-26 -21.97419633

-25 -25.23968102

-24 -30.72963213

-23 -37.2902122

-22 -28.91390822

-21 -23.58128411

-20 -20.13116386

-19 -17.58994843

-18 -15.58057654

-17 -13.92229606

-16 -12.51504992

-15 -11.29775392

-14 -10.23039993

-13 -9.285364775

-12 -8.44278152

-11 -7.687892248

-10 -7.009445967

-9 -6.398683298

-8 -5.848667942

-7 -5.353832091

-6 -4.909658701

-5 -4.512454158

-4 -4.159182313

-3 -3.847341249

-2 -3.57487051

-1 -3.340080523
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0 -3.141598539

1 -2.978327171

2 -2.849412727

3 -2.754221398

4 -2.692321891

5 -2.663473533

6 -2.667619178

7 -2.704882481

8 -2.775569265

9 -2.88017289

10 -3.019383567

11 -3.194101659

12 -3.405454951

13 -3.654819722

14 -3.943845043

15 -4.274478939

16 -4.64899342

17 -5.070002377

18 -5.540460588

19 -6.063621304

20 -6.642909622

21 -7.281630695

22 -7.982360718

23 -8.745739218

24 -9.568160642

25 -10.43754795

26 -11.32617469

27 -12.18029475

28 -12.91059627

29 -13.3975146

30 -13.53100527

31 -13.27433224

32 -12.69030492

33 -11.89750181

34 -11.00871879

35 -10.10220293

36 -9.2226736

37 -8.391996492

38 -7.618766319

39 -6.904548128

40 -6.247454469

41 -5.644071487

42 -5.090456116

43 -4.5826327

44 -4.116825773

45 -3.689556114

46 -3.297667507

47 -2.938319745

48 -2.608966458

49 -2.307327354

50 -2.031359626

51 -1.779230802

52 -1.549293922

53 -1.340065318

54 -1.150204912

55 -0.978498838

56 -0.82384414

57 -0.685235352

58 -0.561752724

59 -0.452551981

60 -0.356855456

61 -0.273944493

62 -0.203153032

63 -0.143862273

64 -0.095496305

65 -0.057518612

66 -0.029429307

67 -0.010762971

68 -0.001086958

69 0

70 -0.007130984

71 -0.022137768

72 -0.044705905

73 -0.0745472

74 -0.111398027

75 -0.155017376

76 -0.205184639

77 -0.261697151

78 -0.324367572

79 -0.393021174

80 -0.467493148

81 -0.54762603

82 -0.633267374

83 -0.724267757

84 -0.820479221

85 -0.921754214

86 -1.02794507

87 -1.138904043

88 -1.25448387

89 -1.374538798

90 -1.498926005

];
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%close all

clear all;

clc;

format short

N =4;

c = 3e8;

f = 2.4e9;

lambda = c/f;

d = lambda/2;

k = (2*pi)/lambda;

theta_b = 45*(pi/180);

theta_s = 0*(pi/180);

% Four elements antenna array

% Projections on wavefront

th0 = theta_s; %0*(pi/180); %receive angle

th1 = -30*(pi/180); %-20*(pi/180); % first interferer angle

th2 = 30*(pi/180); %10*(pi/180); % second interferer angle

th3 = 40*(pi/180); %30*(pi/180); % third interferer angle

% For SOI, SNOI = 0

psi1_SOI = exp(-1j*k*(3*d/2)*sin(theta_b - abs(th0)))*

cos(theta_b - abs(th0));

psi2_SOI = exp(-1j*k*(d/2)*sin(theta_b - abs(th0)))*

cos(theta_b - abs(th0));

psi3_SOI = exp(-1j*k*(d/2)*sin(theta_b + abs(th0)))*

cos(-abs(th0) - theta_b);

psi4_SOI = exp(-1j*k*(3*d/2)*sin(theta_b + abs(th0)))*
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cos(-abs(th0) - theta_b);

SOI = [psi1_SOI psi2_SOI psi3_SOI psi4_SOI].’; % a0

% For SOI, SNOI < 0

psi1_SNOI1 = exp(-1j*k*(3*d/2)*sin(theta_b - abs(th1)))*

cos(theta_b - abs(th1));

psi2_SNOI1 = exp(-1j*k*(d/2)*sin(theta_b - abs(th1)))*

cos(theta_b - abs(th1));

psi3_SNOI1 = exp(-1j*k*(d/2)*sin(theta_b + abs(th1)))*

cos(-theta_b - abs(th1));

psi4_SNOI1 = exp(-1j*k*(3*d/2)*sin(theta_b + abs(th1)))*

cos(-theta_b - abs(th1));

SNOI1 = [psi1_SNOI1 psi2_SNOI1 psi3_SNOI1 psi4_SNOI1].’; % a1

% For SOI, SNOI > 0

psi1_SNOI2 = exp(-1j*k*(3*d/2)*sin(theta_b + abs(th2)))*

cos(theta_b + abs(th2));

psi2_SNOI2 = exp(-1j*k*(d/2)*sin(theta_b + abs(th2)))*

cos(theta_b + abs(th2));

psi3_SNOI2 = exp(-1j*k*(d/2)*sin(theta_b - abs(th2)))*

cos(-theta_b + abs(th2));

psi4_SNOI2 = exp(-1j*k*(3*d/2)*sin(theta_b - abs(th2)))*

cos(-theta_b + abs(th2));

SNOI2 = [psi1_SNOI2 psi2_SNOI2 psi3_SNOI2 psi4_SNOI2].’; % a2

% For SOI, SNOI > 0

psi1_SNOI3 = exp(-1j*k*(3*d/2)*sin(theta_b + th3))*

cos(abs(th3) + theta_b);

psi2_SNOI3 = exp(-1j*k*(d/2)*sin(theta_b + th3))*
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cos(abs(th3) + theta_b);

psi3_SNOI3 = exp(-1j*k*(d/2)*sin(theta_b - th3))*

cos(abs(th3) - theta_b);

psi4_SNOI3 = exp(-1j*k*(3*d/2)*sin(theta_b - th3))*

cos(abs(th3) - theta_b);

SNOI3 = [psi1_SNOI3 psi2_SNOI3 psi3_SNOI3 psi4_SNOI3].’; % a3

A = [SOI SNOI1 SNOI2 SNOI3];

u = [1 0 0 0];

%#####################################################%

w = u/A; % Weights with out including effect of mutual coupling

%######################################

% Z parameters from HFSS

% Self Terms

Z11 = 36.34+0.759i;

Z22 = -27.1-27.878i;

Z33 = -38.51-7.43i;

Z44 = 32.9-15.17i;

% Mutual Terms

Z12 = -3.58+2.31i;

Z13 = 0.1-0.1i;

Z14 = 0.73+0.0084i;

Z21 = Z12;

Z23 = -0.914-0.062i;

Z24 = 0.172-0.147i;

Z31 = Z13;

Z32 = Z23;

135



Z34 = -3.416+2.44i;

Z41 = Z14;

Z42 = 0.172-0.147i;

Z43 = Z34;

Z0 = 50;

% Normalized Impdance Matrix

Z = [Z11/Z0 Z12/Z0 Z13/Z0 Z14/Z0;Z21/Z0 Z22/Z0 Z23/Z0 Z24/Z0

;Z31/Z0 Z32/Z0 Z33/Z0 Z34/Z0;Z41/Z0 Z42/Z0 Z43/Z0 Z44/Z0];

I = eye(4);

Zc = Z + I; %Normalized coupling matrix

Ac = Zc\A; %inv(Zc)*A;

wc = u/Ac;

w_mag_norm = abs(w)./max(abs(w))

%w_mag_dB = 20*log10(w_mag_norm)

w_phase_deg = angle(w).*(180/pi)

wc_mag_norm = abs(wc)./max(abs(wc))

%wc_mag_dB = 20*log10(wc_mag_norm)

wc_phase_deg = angle(wc).*(180/pi)

% Array factor

theta = (pi/180)*(-90:180/628:90);

%theta = (pi/180)*(-90:2:90);

% Element pattern for right 2 elements at theta = 45 deg

% from z-axis

e_r3 = cos(theta-theta_b);

e_r4 = e_r3;

% Element pattern for left 2 elements at theta = -45 deg
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% from z-axis

e_l1 = cos(theta+theta_b);

e_l2 = e_l1;

u1 = sin(theta);

u2 = cos(theta);

% w = [1,1,1,1];

x_n = [-3*d/2*cos(theta_b),-d/2*cos(theta_b),d/2*cos(theta_b),

3*d/2*cos(theta_b)];

z_n = -[3*d/2*sin(theta_b),d/2*sin(theta_b),d/2*sin(theta_b),

3*d/2*sin(theta_b)];

figure

% No mutual ccoupling

AP = w(1).*e_l1.*exp(1i.*k.*(x_n(1).*u1 + z_n(1).*u2)) + ...

w(2).*e_l2.*exp(j.*k.*(x_n(2).*u1 + z_n(2).*u2))+ ...

w(3).*e_r3.*exp(j.*k.*(x_n(3).*u1 + z_n(3).*u2))+ ...

w(4).*e_r4.*exp(j.*k.*(x_n(4).*u1 + z_n(4).*u2));

% Effects of mutual coupling

APc = wc(1).*e_l1.*exp(j.*k.*(x_n(1).*u1 + z_n(1).*u2)) + ...

wc(2).*e_l2.*exp(j.*k.*(x_n(2).*u1 + z_n(2).*u2))+ ...

wc(3).*e_r3.*exp(j.*k.*(x_n(3).*u1 + z_n(3).*u2))+ ...

wc(4).*e_r4.*exp(j.*k.*(x_n(4).*u1 + z_n(4).*u2));

AP_norm = abs(AP)./max(abs(AP));

APc_norm = abs(APc)./max(abs(APc));
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corrected_norm_case1_meas = abs(corrected_case1_meas(:,2)

./max((corrected_case1_meas(:,2)));

set(0,’DefaultAxesColorOrder’,[0 0 0], ...

’DefaultLineMarkerSize’, 8, ...

’DefaultAxesFontSize’, 16, ...

’DefaultTextFontSize’, 16, ...

’DefaultLineLineWidth’,2);

plot(theta*180/pi,20*log10(AP_norm),’k-’);

hold on

plot(theta*180/pi,20*log10(APc_norm),’k--’);

hold on

plot(-corrected_case1_meas(:,1),20*log10(corrected_norm_case1_meas)

,’k.’);

hold on

plot(-HFSS_case1(:,1),HFSS_case1(:,2),’kx’);

xlabel(’\theta (deg)’)

ylabel(’|E_{\phi}| (dB)’)

axis([-90 90 -50 0])

legend(’Analytical (without coupling)’,’Analytical (with coupling)’

,’Measured’,’HFSS’)
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APPENDIX H. PATTERN 2 BEAMFORMING RESULTS

WITH θB = 45◦

The following MATLAB code plots the result in Figure 30 for the four-element array

on the wedge-shaped surface with θb = 45◦.

corrected_case2_meas = [

90 0.004815412

88 0.005253683

86 0.00561818

84 0.005974044

82 0.006010661

80 0.006091816

78 0.005966971

76 0.005967896

74 0.005582013

72 0.005247097

70 0.004623481

68 0.004084263

66 0.003606683

64 0.0027635

62 0.002254038

60 0.001681229

58 0.001260649

56 0.000613164

54 9.86E-05

52 0.000616547

50 0.001339845

48 0.002093044

46 0.002786193

44 0.003349728

42 0.004098128

40 0.004724013

38 0.004852773

36 0.005198602

34 0.005010661

32 0.004996206

30 0.004463861

28 0.004211242

26 0.00355502

24 0.003047901

22 0.00195361

20 0.00137904

18 0.000706309

16 0.00097587

14 0.00200996

12 0.00279782

10 0.003789048

8 0.004528821

6 0.00510962

4 0.005495473

2 0.005586932

0 0.005698938

-2 0.005482761

-4 0.005115543

-6 0.00474232

-8 0.003833744

-10 0.002871193

-12 0.002307958

-14 0.002245786

-16 0.003051866

-18 0.004224677

-20 0.006156508

-22 0.007833721

-24 0.00931982

-26 0.01149471

-28 0.013153445

-30 0.014968161

-32 0.016580897

-34 0.017853163

-36 0.018905985

-38 0.020509638

-40 0.021474022

-42 0.022309126

-44 0.022808765

-46 0.023598137

-48 0.023677654

-50 0.023829366

-52 0.02396324

-54 0.023931291

-56 0.023689098

-58 0.023579108

-60 0.02269134

-62 0.022719732

-64 0.022020643

-66 0.021703812

-68 0.021298287

-70 0.020755615

-72 0.019747973
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-74 0.019252185

-76 0.019038138

-78 0.018484792

-80 0.017875189

-82 0.016794444

-84 0.016196381

-86 0.015379247

-88 0.014573826

-90 0.013875409

];

HFSS_case2 = [

-90 -4.417298532

-89 -4.201997224

-88 -3.989844757

-87 -3.780965654

-86 -3.575494385

-85 -3.373575307

-84 -3.17536268

-83 -2.981020745

-82 -2.790723855

-81 -2.60465662

-80 -2.423014028

-79 -2.246001474

-78 -2.073834654

-77 -1.906739237

-76 -1.744950278

-75 -1.588711302

-74 -1.438273047

-73 -1.293891839

-72 -1.15582764

-71 -1.0243418

-70 -0.899694612

-69 -0.782142781

-68 -0.67193693

-67 -0.569319331

-66 -0.474521994

-65 -0.3877653

-64 -0.309257322

-63 -0.239193961

-62 -0.177759982

-61 -0.125130994

-60 -0.081476361

-59 -0.046962973

-58 -0.021759739

-57 -0.006042623

-56 0

-55 -0.003838055

-54 -0.017785981

-53 -0.042100692

-52 -0.077070853

-51 -0.123020031

-50 -0.180308881

-49 -0.249336347

-48 -0.330539949

-47 -0.424395313

-46 -0.531415174

-45 -0.652148158

-44 -0.787177663

-43 -0.937121212

-42 -1.102630625

-41 -1.284393346

-40 -1.483135231

-39 -1.699625043

-38 -1.934680872

-37 -2.189178627

-36 -2.464062715

-35 -2.760358999

-34 -3.079190081

-33 -3.421792977

-32 -3.789539234

-31 -4.183957554

-30 -4.606758951

-29 -5.059864411

-28 -5.545434793

-27 -6.06590228

-26 -6.624001684

-25 -7.222798128

-24 -7.865703991

-23 -8.556471342

-22 -9.29913335

-21 -10.09784427

-20 -10.95652269

-19 -11.87811927

-18 -12.86318027

-17 -13.90713029

-16 -14.99537455

-15 -16.09523404

-14 -17.14511733

-13 -18.04703927

-12 -18.67939485

-11 -18.94631719

-10 -18.83847076

-9 -18.44031313

-8 -17.87472152

-7 -17.2475457

-6 -16.62847611

-5 -16.05629497

-4 -15.54983719

-3 -15.11673064

-2 -14.75885749

-1 -14.47543658
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0 -14.26468244

1 -14.12467881

2 -14.05383689

3 -14.051143

4 -14.11630753

5 -14.2498783

6 -14.45335701

7 -14.72934728

8 -15.08176144

9 -15.51611992

10 -16.03999242

11 -16.66365952

12 -17.40112817

13 -18.27173846

14 -19.30280623

15 -20.53418265

16 -22.02659228

17 -23.87794116

18 -26.25733226

19 -29.47389041

20 -33.95624887

21 -37.10887089

22 -33.03359478

23 -28.90625308

24 -25.97909071

25 -23.8087319

26 -22.12144328

27 -20.76623988

28 -19.65409737

29 -18.72877047

30 -17.95264418

31 -17.2993954

32 -16.74992916

33 -16.28999976

34 -15.90875402

35 -15.59780658

36 -15.35063679

37 -15.16218758

38 -15.02859579

39 -14.94701042

40 -14.91547182

41 -14.93283444

42 -14.99872263

43 -15.11351371

44 -15.27834639

45 -15.49515638

46 -15.76674462

47 -16.09688866

48 -16.49051394

49 -16.95395179

50 -17.49532699

51 -18.12514479

52 -18.85719686

53 -19.70999789

54 -20.70915069

55 -21.89143362

56 -23.31232101

57 -25.06098027

58 -27.2934495

59 -30.31606827

60 -34.81193018

61 -41.24423854

62 -37.81802691

63 -32.26085769

64 -28.701007

65 -26.17964129

66 -24.25305172

67 -22.70852281

68 -21.42981691

69 -20.34674037

70 -19.41363858

71 -18.59909541

72 -17.88052667

73 -17.24113034

74 -16.66806331

75 -16.15129735

76 -15.68287084

77 -15.25638088

78 -14.86662665

79 -14.50935101

80 -14.18104767

81 -13.87881362

82 -13.60023366

83 -13.34328857

84 -13.10628113

85 -12.88777633

86 -12.68655299

87 -12.50156483

88 -12.33190949

89 -12.17680433

90 -12.03556789

];
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%close all;

clear all;

clc;

format short

N =4;

c = 3e8;

f = 2.4e9;

lambda = c/f;

d = lambda/2;

k = (2*pi)/lambda;

theta_b = 45*(pi/180);

theta_s = 40*(pi/180); % Angle from x-axis = 90 deg or angle

%from z-axis = 0 deg

% Four elements antenna array

% Projections on wavefront

th0 = theta_s; %0*(pi/180); %receive angle

th1 = -45*(pi/180); %-20*(pi/180); % first interferer angle

th2 = -25*(pi/180); %10*(pi/180); % second interferer angle

th3 = 10*(pi/180); %30*(pi/180); % third interferer angle

% For SOI, SNOI = or > 0

psi1_SOI = exp(-1j*k*(3*d/2)*sin(theta_b + th0))*

cos(th0 + theta_b);

psi2_SOI = exp(-1j*k*(d/2)*sin(theta_b + th0))*

cos(th0 + theta_b);

psi3_SOI = exp(-1j*k*(d/2)*sin(theta_b - th0))*
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cos(th0 - theta_b);

psi4_SOI = exp(-1j*k*(3*d/2)*sin(theta_b - th0))*

cos(th0 - theta_b);

SOI = [psi1_SOI psi2_SOI psi3_SOI psi4_SOI].’; % a0

% For SOI, SNOI < 0

psi1_SNOI1 = exp(-1j*k*(3*d/2)*sin(theta_b - abs(th1)))*

cos(theta_b - abs(th1));

psi2_SNOI1 = exp(-1j*k*(d/2)*sin(theta_b - abs(th1)))*

cos(theta_b - abs(th1));

psi3_SNOI1 = exp(-1j*k*(d/2)*sin(theta_b + abs(th1)))*

cos(-theta_b - abs(th1));

psi4_SNOI1 = exp(-1j*k*(3*d/2)*sin(theta_b + abs(th1)))*

cos(-theta_b - abs(th1));

SNOI1 = [psi1_SNOI1 psi2_SNOI1 psi3_SNOI1 psi4_SNOI1].’; % a1

% For SOI, SNOI < 0

psi1_SNOI2 = exp(-1j*k*(3*d/2)*sin(theta_b - abs(th2)))*

cos(theta_b - abs(th2));

psi2_SNOI2 = exp(-1j*k*(d/2)*sin(theta_b - abs(th2)))*

cos(theta_b - abs(th2));

psi3_SNOI2 = exp(-1j*k*(d/2)*sin(theta_b + abs(th2)))*

cos(-theta_b - abs(th2));

psi4_SNOI2 = exp(-1j*k*(3*d/2)*sin(theta_b + abs(th2)))*

cos(-theta_b - abs(th2));

SNOI2 = [psi1_SNOI2 psi2_SNOI2 psi3_SNOI2 psi4_SNOI2].’; % a2

% For SOI, SNOI = or > 0

psi1_SNOI3 = exp(-1j*k*(3*d/2)*sin(theta_b + th3))*
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cos(th3 + theta_b);

psi2_SNOI3 = exp(-1j*k*(d/2)*sin(theta_b + th3))*cos(th3 + theta_b);

psi3_SNOI3 = exp(-1j*k*(d/2)*sin(theta_b - th3))*

cos(th3 - theta_b);

psi4_SNOI3 = exp(-1j*k*(3*d/2)*sin(theta_b - th3))*

cos(th3 - theta_b);

SNOI3 = [psi1_SNOI3 psi2_SNOI3 psi3_SNOI3 psi4_SNOI3].’; % a3

A = [SOI SNOI1 SNOI2 SNOI3];

u = [1 0 0 0];

%#########################################################%

w = u/A; % Weights with out including effect of mutual coupling

%######################################

%######################################

% Z parameters from HFSS

% Self Terms

Z11 = 36.34+0.759i;

Z22 = -27.1-27.878i;

Z33 = -38.51-7.43i;

Z44 = 32.9-15.17i;

% Mutual Terms

Z12 = -3.58+2.31i;

Z13 = 0.1-0.1i;

Z14 = 0.73+0.0084i;

Z21 = Z12;
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Z23 = -0.914-0.062i;

Z24 = 0.172-0.147i;

Z31 = Z13;

Z32 = Z23;

Z34 = -3.416+2.44i;

Z41 = Z14;

Z42 = 0.172-0.147i;

Z43 = Z34;

Z0 = 50;

% Normalized Impdance Matrix

Z = [Z11/Z0 Z12/Z0 Z13/Z0 Z14/Z0;Z21/Z0 Z22/Z0 Z23/Z0 Z24/Z0;

Z31/Z0 Z32/Z0 Z33/Z0 Z34/Z0;Z41/Z0 Z42/Z0 Z43/Z0 Z44/Z0];

I = eye(4);

Zc = Z + I; %Normalized coupling matrix

Ac = Zc\A; %inv(Zc)*A;

%Ac = inv(Zc)*A;

wc = u/Ac;

w_mag_norm = abs(w)./max(abs(w))

%w_mag_dB = 20*log10(w_mag_norm)

w_phase_deg = angle(w).*(180/pi)

wc_mag_norm = abs(wc)./max(abs(wc))

%wc_mag_dB = 20*log10(wc_mag_norm)

wc_phase_deg = angle(wc).*(180/pi)

% Array factor

theta = (pi/180)*(-90:180/628:90);

%theta = (pi/180)*(-90:2:90);

145



% Element pattern for right 2 elements at theta = 45 deg

% from z-axis

e_r3 = cos(theta-theta_b);

e_r4 = e_r3;

% Element pattern for left 2 elements at theta = -45 deg

% from z-axis

e_l1 = cos(theta+theta_b);

e_l2 = e_l1;

u1 = sin(theta);

u2 = cos(theta);

% w = [1,1,1,1];

x_n = [-3*d/2*cos(theta_b),-d/2*cos(theta_b),d/2*cos(theta_b),

3*d/2*cos(theta_b)];

z_n = -[3*d/2*sin(theta_b),d/2*sin(theta_b),d/2*sin(theta_b),

3*d/2*sin(theta_b)];

figure

% No mutual ccoupling

AP = w(1).*e_l1.*exp(1i.*k.*(x_n(1).*u1 + z_n(1).*u2)) + ...

w(2).*e_l2.*exp(j.*k.*(x_n(2).*u1 + z_n(2).*u2))+ ...

w(3).*e_r3.*exp(j.*k.*(x_n(3).*u1 + z_n(3).*u2))+ ...

w(4).*e_r4.*exp(j.*k.*(x_n(4).*u1 + z_n(4).*u2));

% Effects of mutual coupling

APc = wc(1).*e_l1.*exp(j.*k.*(x_n(1).*u1 + z_n(1).*u2)) + ...

wc(2).*e_l2.*exp(j.*k.*(x_n(2).*u1 + z_n(2).*u2))+ ...
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wc(3).*e_r3.*exp(j.*k.*(x_n(3).*u1 + z_n(3).*u2))+ ...

wc(4).*e_r4.*exp(j.*k.*(x_n(4).*u1 + z_n(4).*u2));

AP_norm = abs(AP)./max(abs(AP));

APc_norm = abs(APc)./max(abs(APc));

corrected_norm_case2_meas = abs(corrected_case2_meas(:,2))

./max((corrected_case2_meas(:,2)));

set(0,’DefaultAxesColorOrder’,[0 0 0], ...

’DefaultLineMarkerSize’, 8, ...

’DefaultAxesFontSize’, 16, ...

’DefaultTextFontSize’, 16, ...

’DefaultLineLineWidth’,2);

plot(theta*180/pi,20*log10(AP_norm),’k-’);

hold on

plot(theta*180/pi,20*log10(APc_norm),’k--’);

hold on

plot(-corrected_case2_meas(:,1),20*log10(corrected_norm_case2_meas)

,’k.’);

hold on

plot(-HFSS_case2(:,1),HFSS_case2(:,2),’kx’);

xlabel(’\theta(deg)’)

ylabel(’|E_{\phi}| (dB)’)

axis([-90 90 -50 0])

legend(’Analytical (without coupling)’,
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APPENDIX I. PATTERN 1 BEAMFORMING RESULTS

WITH R = 10 CM

The following MATLAB code plots the result in Figure 31 for the four-element array

on the cylindrical-shaped surface with r = 10 cm.

HFSS_case1 = [

-90 -7.699761969

-89 -7.564023248

-88 -7.434390267

-87 -7.311006445

-86 -7.194050404

-85 -7.083737911

-84 -6.980323733

-83 -6.884103455

-82 -6.795415307

-81 -6.714642048

-80 -6.642212958

-79 -6.578605991

-78 -6.524350141

-77 -6.480028094

-76 -6.446279242

-75 -6.423803147

-74 -6.413363567

-73 -6.41579317

-72 -6.4319991

-71 -6.462969585

-70 -6.509781831

-69 -6.573611491

-68 -6.655744089

-67 -6.757588855

-66 -6.88069557

-65 -7.026775183

-64 -7.197725176

-63 -7.39566097

-62 -7.622955065

-61 -7.882286212

-60 -8.176701667

-59 -8.509696778

-58 -8.885317754

-57 -9.308295847

-56 -9.784224668

-55 -10.31979745

-54 -10.92312866

-53 -11.60419522

-52 -12.37544774

-51 -13.25265984

-50 -14.25609237

-49 -15.41199742

-48 -16.75416708

-47 -18.32380708

-46 -20.16005841

-45 -22.24951431

-44 -24.32903914

-43 -25.49448879

-42 -24.82262163

-41 -23.00344403

-40 -21.06609096

-39 -19.36958709

-38 -17.95525401

-37 -16.79072565

-36 -15.83698042

-35 -15.06186288

-34 -14.44104081

-33 -13.95650586

-32 -13.59490328

-31 -13.3460824

-30 -13.20179985

-29 -13.15438343

-28 -13.19510085

-27 -13.31191438

-26 -13.48628237

-25 -13.6888766

-24 -13.87496951

-23 -13.98240368

-22 -13.9379636

-21 -13.67716455

-20 -13.17142386

-19 -12.44240142

-18 -11.5498446

-17 -10.5645656

-16 -9.547356975

-15 -8.541392021

-14 -7.573633042

-13 -6.659224041

-12 -5.805670381

-11 -5.015892174

-10 -4.2902119

-9 -3.627573663
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-8 -3.026265914

-7 -2.484339792

-6 -1.999846042

-5 -1.570965733

-4 -1.196079808

-3 -0.873804252

-2 -0.603006768

-1 -0.382814463

0 -0.212618331

1 -0.092078148

2 -0.021130246

3 0

4 -0.029220692

5 -0.109660463

6 -0.242559375

7 -0.429579115

8 -0.672868605

9 -0.975149772

10 -1.339828961

11 -1.771140835

12 -2.274332741

13 -2.855897222

14 -3.523855391

15 -4.288075554

16 -5.16055625

17 -6.155446467

18 -7.288139835

19 -8.571568602

20 -10.00454809

21 -11.53928458

22 -13.00633881

23 -14.0221619

24 -14.1299739

25 -13.30767033

26 -11.99815525

27 -10.59935266

28 -9.292619484

29 -8.13047248

30 -7.115129036

31 -6.233277233

32 -5.468659268

33 -4.806111359

34 -4.232581904

35 -3.737144249

36 -3.310718665

37 -2.945749172

38 -2.635912593

39 -2.37587766

40 -2.161112056

41 -1.987729786

42 -1.852370759

43 -1.752105529

44 -1.684359542

45 -1.646852471

46 -1.637549228

47 -1.654620102

48 -1.696408

49 -1.761401322

50 -1.848211282

51 -1.955552791

52 -2.082228216

53 -2.227113464

54 -2.389145993

55 -2.567314397

56 -2.760649331

57 -2.968215546

58 -3.189104903

59 -3.422430203

60 -3.667319763

61 -3.922912623

62 -4.188354348

63 -4.462793341

64 -4.745377655

65 -5.035252241

66 -5.331556637

67 -5.633423047

68 -5.939974842

69 -6.250325439

70 -6.563577601

71 -6.878823148

72 -7.195143115

73 -7.511608391

74 -7.827280869

75 -8.141215161

76 -8.452460935

77 -8.760065915

78 -9.063079609

79 -9.360557809

80 -9.651567894

81 -9.935194949

82 -10.21054869

83 -10.47677114

84 -10.73304501

85 -10.97860253

86 -11.21273473

87 -11.43480076

88 -11.64423711

89 -11.84056632

90 -12.02340496

];
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Meas_case1 = [

90 0.004545436

89 0.004464498

88 0.004526341

87 0.004910909

86 0.004067614

85 0.005817755

84 0.005825197

83 0.006445865

82 0.006501561

81 0.007080818

80 0.007262584

79 0.00761187

78 0.00789004

77 0.008343151

76 0.008721915

75 0.009062382

74 0.009427128

73 0.009622799

72 0.009968881

71 0.00995106

70 0.010034053

69 0.010162873

68 0.010294259

67 0.010312637

66 0.010649695

65 0.010570473

64 0.010934366

63 0.011133205

62 0.011294904

61 0.011622956

60 0.011960145

59 0.012478186

58 0.012750105

57 0.012994505

56 0.013315627

55 0.013626754

54 0.013973309

53 0.014317978

52 0.014453817

51 0.014323939

50 0.014455198

49 0.01465662

48 0.014038663

47 0.013910302

46 0.013495861

45 0.012968986

44 0.012795708

43 0.012587023

42 0.012087275

41 0.011862028

40 0.011228422

39 0.01059415

38 0.009910818

37 0.009523169

36 0.008775441

35 0.0081411

34 0.007368806

33 0.006526734

32 0.005590426

31 0.004585323

30 0.003675491

29 0.002962126

28 0.002460204

27 0.002772513

26 0.003194645

25 0.004469649

24 0.005630082

23 0.00686139

22 0.008172521

21 0.009604312

20 0.010871003

19 0.012287593

18 0.013409727

17 0.014632399

16 0.015709705

15 0.016744565

14 0.017705689

13 0.018622878

12 0.019176216

11 0.019773593

10 0.020469282

9 0.020555565

8 0.02100079

7 0.021161929

6 0.021129188

5 0.021180038

4 0.021060374

3 0.020827805

2 0.020466958

1 0.02022434

0 0.019801271

-1 0.019182594

-2 0.01854999

-3 0.018083733

-4 0.017308595

-5 0.016569023

-6 0.015420659

-7 0.014747736

-8 0.01363605

-9 0.012685019

-10 0.011430154

-11 0.010535332

-12 0.009340008
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-13 0.008265292

-14 0.00685573

-15 0.005911287

-16 0.00463212

-17 0.003643911

-18 0.002808856

-19 0.002152698

-20 0.001802117

-21 0.001636443

-22 0.001682192

-23 0.001799374

-24 0.002295019

-25 0.002586932

-26 0.002380521

-27 0.002575293

-28 0.002479216

-29 0.00241215

-30 0.0023115

-31 0.002053073

-32 0.0019886

-33 0.001791012

-34 0.001680781

-35 0.001624608

-36 0.001629223

-37 0.00169876

-38 0.001854049

-39 0.002061852

-40 0.00223112

-41 0.002375037

-42 0.002585751

-43 0.002783723

-44 0.003093205

-45 0.003357823

-46 0.003542157

-47 0.004051943

-48 0.004240799

-49 0.004804199

-50 0.00529016

-51 0.005696588

-52 0.006169244

-53 0.006601265

-54 0.007174793

-55 0.007497103

-56 0.007881968

-57 0.008464659

-58 0.008916704

-59 0.009224472

-60 0.009712913

-61 0.009840812

-62 0.010075482

-63 0.010125484

-64 0.010154113

-65 0.010264028

-66 0.010151358

-67 0.010009696

-68 0.010140778

-69 0.009877523

-70 0.009765531

-71 0.009617377

-72 0.0093022

-73 0.009099893

-74 0.008804995

-75 0.008280619

-76 0.007792759

-77 0.007228552

-78 0.006702811

-79 0.006214599

-80 0.005866145

-81 0.005683734

-82 0.005323478

-83 0.005123008

-84 0.004743729

-85 0.004396232

-86 0.004417535

-87 0.004243534

-88 0.004394516

-89 0.004095377

-90 0.004152222

];

%close all;

clear all;

clc;

format short

N =4;

c = 3e8;
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f = 2.4e9;

lambda = c/f;

d = lambda/2;

k = (2*pi)/lambda;

theta_s = 0*(pi/180); % Angle from x-axis = 90 deg or angle

%from z-axis = 0 deg

% Four elements antenna array

% Projections on wavefront

th0 = theta_s; %0*(pi/180); %receive angle

th1 = -30*(pi/180); %-20*(pi/180); % first interferer angle

th2 = 30*(pi/180); %10*(pi/180); % second interferer angle

th3 = 40*(pi/180); %30*(pi/180); % third interferer angle

% Elements locations on curved conformal surface

%#################################################################

r = 0.2032; % For 8 inches radius sphere

theta1 = d/r;

theta2 = d/(2*r);

phi1 = pi/2 - (theta1 + theta2);

phi2 = phi1 + theta1;

phi3 = phi2;

phi4 = phi1;

phi_n = [phi1;phi2;phi3;phi4];

for m = 1:N/2

x_n(m) = -r*cos(phi_n(m));

end
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for m = (N/2+1):N

x_n(:,m) = r*cos(phi_n(m));

% x_n = [ -0.0896 -0.0311 0.0311 0.0896]

end

for m = 1:N

z_n(m) = r*sin(phi_n(m));

% z_n = [0.1578 0.1788 0.1788 0.1578]

end

%#################################################################

for m = 1: N

% h_n = [ 0.0927 0.0312 0.0312 0.0927]

h_n(m) = sqrt((0-x_n(m))^2 + (r-z_n(m))^2);

phi_inv(m) = asin((r-z_n(m))/h_n(m));

end

theta_b = phi_inv;

theta_b_degrees = theta_b*180/pi

% For theta_s = 0, the wave front hits all elements with negative

% phase delays

% with respect to origin

psi1_SOI = exp(-1j*k*h_n(1)*sin(theta_b(1) + abs(th0)))*

cos(pi/2-phi_n(1)+th0);

psi2_SOI = exp(-1j*k*h_n(2)*sin(theta_b(2) + abs(th0)))*

cos(pi/2-phi_n(2)+th0);

psi3_SOI = exp(-1j*k*h_n(3)*sin(-theta_b(3) + abs(th0)))*

cos(pi/2-phi_n(3)-th0);

psi4_SOI = exp(-1j*k*h_n(4)*sin(-theta_b(4) + abs(th0)))*
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cos(pi/2-phi_n(4)-th0);

SOI = [psi1_SOI psi2_SOI psi3_SOI psi4_SOI].’; % a0

% For theta_s = theta_SNOI = -30 < 0 and > theta_b, the

% wave front hits left elements 1,2

% first and right elements 3,4 later with respect to origin

psi1_SNOI1 = exp(1j*k*h_n(1)*sin(-theta_b(1) + abs(th1)))*

cos(pi/2-phi_n(1)+th1);

psi2_SNOI1 = exp(1j*k*h_n(2)*sin(-theta_b(2) + abs(th1)))*

cos(pi/2-phi_n(2)+th1);

psi3_SNOI1 = exp(-1j*k*h_n(3)*sin(theta_b(3) + abs(th1)))*

cos(pi/2-phi_n(3)-th1);

psi4_SNOI1 = exp(-1j*k*h_n(4)*sin(theta_b(4) + abs(th1)))*

cos(pi/2-phi_n(4)-th1);

SNOI1 = [psi1_SNOI1 psi2_SNOI1 psi3_SNOI1 psi4_SNOI1].’; % a1

% For SOI, SNOI = 30 > theta_b, the wave front hits right

% elements 3,4 first and left elements 1,2 later with respect

% to origin

psi1_SNOI2 = exp(-1j*k*h_n(1)*sin(theta_b(1) + abs(th2)))*

cos(pi/2-phi_n(1)+th2);

psi2_SNOI2 = exp(-1j*k*h_n(2)*sin(theta_b(2) + abs(th2)))*

cos(pi/2-phi_n(2)+th2);

psi3_SNOI2 = exp(1j*k*h_n(3)*sin(-theta_b(3) + abs(th2)))*

cos(pi/2-phi_n(3)-th2);

psi4_SNOI2 = exp(1j*k*h_n(4)*sin(-theta_b(4) + abs(th2)))*

cos(pi/2-phi_n(4)-th2);

SNOI2 = [psi1_SNOI2 psi2_SNOI2 psi3_SNOI2 psi4_SNOI2].’; % a2
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% For SNOI = 40 > theta_b

psi1_SNOI3 = exp(-1j*k*h_n(1)*sin(theta_b(1) + abs(th3)))*

cos(pi/2-phi_n(1)+th3);

psi2_SNOI3 = exp(-1j*k*h_n(2)*sin(theta_b(2) + abs(th3)))*

cos(pi/2-phi_n(2)+th3);

psi3_SNOI3 = exp(1j*k*h_n(3)*sin(-theta_b(3) + abs(th3)))*

cos(pi/2-phi_n(3)-th3);

psi4_SNOI3 = exp(1j*k*h_n(4)*sin(-theta_b(4) + abs(th3)))*

cos(pi/2-phi_n(4)-th3);

SNOI3 = [psi1_SNOI3 psi2_SNOI3 psi3_SNOI3 psi4_SNOI3].’; % a3

A = [SOI SNOI1 SNOI2 SNOI3];

u = [1 0 0 0];

w = u/A;

%######################################

% Z parameters from HFSS at f = 2.4729 GHz

% Self Terms

Z11 = -37.87-16.15i;

% Mutual Terms

Z12 = 0.45+3.94i;

Z13 = -1.355+1.923i;

Z14 = 0.8+0.186i;

Z21 = Z12;

Z23 = -2.63+3.77i;

Z24 = -1.25+1.82i;

Z31 = Z13;
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Z32 = Z23;

Z34 = 0.844+3.856i;

Z41 = Z14;

Z42 = Z24;

Z43 = Z34;

Z22 = Z11;

Z33 = Z11;

Z44 = Z11;

Z0 = 50;

% Normalized Impdance Matrix

Z = [Z11/Z0 Z12/Z0 Z13/Z0 Z14/Z0;Z21/Z0 Z22/Z0 Z23/Z0 Z24/Z0;

Z31/Z0 Z32/Z0 Z33/Z0 Z34/Z0;Z41/Z0 Z42/Z0 Z43/Z0 Z44/Z0];

I = eye(4);

Zc = Z + I ; %Normalized coupling impedance matrix

Ac = Zc\A; %inv(Zc)*A;

wc = u/Ac;

w_mag_norm = abs(w)./max(abs(w))

% w_mag_dB = 20*log10(w_mag_norm);

w_phase_deg = angle(w).*(180/pi)

wc_mag_norm = abs(wc)./max(abs(wc))

% wc_mag_dB = 20*log10(w_mag_norm);

wc_phase_deg = angle(wc).*(180/pi)

% Array factor

theta = (pi/180)*(-90:180/628:90);

e_l1 = cos(pi/2 - phi_n(1)+theta);

e_l2 = cos(pi/2 - phi_n(2)+theta);
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e_r3 = cos(pi/2 - phi_n(3)-theta);

e_r4 = cos(pi/2 - phi_n(4)-theta);

u1 = sin(theta);

u2 = cos(theta);

figure

% No mutual ccoupling

AP = w(1).*e_l1.*exp(j.*k.*(x_n(1).*u1 + z_n(1).*u2)) + ...

w(2).*e_l2.*exp(j.*k.*(x_n(2).*u1 + z_n(2).*u2))+ ...

w(3).*e_r3.*exp(j.*k.*(x_n(3).*u1 + z_n(3).*u2))+ ...

w(4).*e_r4.*exp(j.*k.*(x_n(4).*u1 + z_n(4).*u2));

% Effects of mutual coupling

APc = wc(1).*e_l1.*exp(j.*k.*(x_n(1).*u1 + z_n(1).*u2)) + ...

wc(2).*e_l2.*exp(j.*k.*(x_n(2).*u1 + z_n(2).*u2))+ ...

wc(3).*e_r3.*exp(j.*k.*(x_n(3).*u1 + z_n(3).*u2))+ ...

wc(4).*e_r4.*exp(j.*k.*(x_n(4).*u1 + z_n(4).*u2));

AP_norm = abs(AP)./max(abs(AP));

APc_norm = abs(APc)./max(abs(APc));

set(0,’DefaultAxesColorOrder’,[0 0 0], ...

’DefaultLineMarkerSize’, 8, ...

’DefaultAxesFontSize’, 16, ...

’DefaultTextFontSize’, 16, ...

’DefaultLineLineWidth’,2);

plot(theta*180/pi,20*log10(AP_norm),’k-’);

hold on
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plot(theta*180/pi,20*log10(APc_norm),’k--’);

hold on

Meas_case1_norm = abs(Meas_case1(:,2))./max((Meas_case1(:,2)));

plot(-Meas_case1(:,1),20*log10(Meas_case1_norm),’k.’);

hold on

plot(-HFSS_case1(:,1),HFSS_case1(:,2),’kx’);

xlabel(’\theta(deg)’)

ylabel(’|E_{\phi}| (dB)’)

axis([-90 90 -50 0])

legend(’Analytical (without coupling)’,’Analytical (with coupling)’

,’Measured’,’HFSS’)

%plot(theta*180/pi,e_l2)

%plot(x_n,z_n,’o’)
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APPENDIX J. PATTERN 2 BEAMFORMING RESULTS

WITH R = 10 CM

The following MATLAB code plots the result in Figure 32 for the four-element array

on the cylindrical-shaped surface with r = 10 cm.

HFSS_case2 = [

-90 -17.49781058

-89 -17.33444117

-88 -17.14637871

-87 -16.93335302

-86 -16.69541578

-85 -16.43294503

-84 -16.14663485

-83 -15.83747151

-82 -15.50669831

-81 -15.15577243

-80 -14.78631715

-79 -14.40007325

-78 -13.99885239

-77 -13.58449489

-76 -13.15883351

-75 -12.72366394

-74 -12.28072208

-73 -11.83166779

-72 -11.37807435

-71 -10.9214228

-70 -10.4631001

-69 -10.00440047

-68 -9.546528749

-67 -9.090605473

-66 -8.637672823

-65 -8.188701158

-64 -7.744595766

-63 -7.306203592

-62 -6.874319793

-61 -6.449694006

-60 -6.03303628

-59 -5.625022643

-58 -5.2263003

-57 -4.837492467

-56 -4.459202888

-55 -4.092020031

-54 -3.73652103

-53 -3.393275376

-52 -3.062848419

-51 -2.745804699

-50 -2.442711145

-49 -2.154140182

-48 -1.880672784

-47 -1.622901497

-46 -1.381433494

-45 -1.156893696

-44 -0.949928009

-43 -0.761206738

-42 -0.591428246

-41 -0.441322934

-40 -0.311657632

-39 -0.203240513

-38 -0.116926654

-37 -0.053624409

-36 -0.014302777

-35 0

-34 -0.011833677

-33 -0.051012758

-32 -0.118851859

-31 -0.216788477

-30 -0.346403834

-29 -0.509448308

-28 -0.707872676

-27 -0.943866838

-26 -1.21990821

-25 -1.538822774

-24 -1.903862883

-23 -2.318807492

-22 -2.78809281

-21 -3.31698473

-20 -3.911809387

-19 -4.580265583

-18 -5.331853568

-17 -6.178469862

-16 -7.135236483

-15 -8.221646257

-14 -9.463070918

-13 -10.89241994

-12 -12.55054264

-11 -14.47888224

-10 -16.67697975

-9 -18.92745642

159



-8 -20.39121359

-7 -20.02468666

-6 -18.36981915

-5 -16.52829906

-4 -14.91775856

-3 -13.59299958

-2 -12.52188705

-1 -11.6631694

0 -10.98236111

1 -10.45311972

2 -10.05581138

3 -9.775915025

4 -9.602765962

5 -9.528650585

6 -9.548175123

7 -9.657833859

8 -9.855720415

9 -10.14134134

10 -10.51550074

11 -10.98022666

12 -11.53870172

13 -12.19513372

14 -12.95443979

15 -13.8214798

16 -14.7992807

17 -15.88509338

18 -17.06204947

19 -18.28300509

20 -19.44533052

21 -20.3726575

22 -20.85792861

23 -20.8006559

24 -20.29995876

25 -19.56295133

26 -18.76696444

27 -18.01562651

28 -17.35686967

29 -16.8082058

30 -16.37297967

31 -16.04877505

32 -15.83138932

33 -15.71661756

34 -15.70100441

35 -15.78211198

36 -15.95854443

37 -16.22980928

38 -16.59599157

39 -17.05711279

40 -17.61189413

41 -18.25539024

42 -18.97457386

43 -19.74058882

44 -20.49698875

45 -21.14775103

46 -21.56083753

47 -21.61200935

48 -21.25937509

49 -20.57410708

50 -19.68761529

51 -18.72076021

52 -17.75401281

53 -16.83113673

54 -15.97202565

55 -15.18327613

56 -14.46473563

57 -13.81311291

58 -13.2238557

59 -12.69208804

60 -12.21305619

61 -11.78232279

62 -11.39583475

63 -11.04992971

64 -10.74131432

65 -10.46703141

66 -10.22442453

67 -10.01110374

68 -9.824914538

69 -9.663910366

70 -9.526328711

71 -9.41057053

72 -9.31518259

73 -9.238842338

74 -9.180344903

75 -9.138591897

76 -9.112581693

77 -9.10140094

78 -9.104217068

79 -9.120271608

80 -9.148874155

81 -9.189396843

82 -9.241269201

83 -9.303973309

84 -9.377039132

85 -9.460039976

86 -9.552587971

87 -9.65432951

88 -9.764940572

89 -9.884121837

90 -10.01159352

];
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Meas_case2 = [

90 0.005379713

89 0.005327968

88 0.005229077

87 0.003620271

86 0.004187664

85 0.004173925

84 0.004268526

83 0.004502444

82 0.004915263

81 0.005444111

80 0.005821133

79 0.006578969

78 0.007222913

77 0.007649016

76 0.008149314

75 0.008780653

74 0.009357899

73 0.00961975

72 0.010212752

71 0.010096747

70 0.010118154

69 0.010137471

68 0.010149732

67 0.009660603

66 0.009282193

65 0.00877458

64 0.008377722

63 0.00780107

62 0.007018703

61 0.006564338

60 0.005564076

59 0.004653742

58 0.00388595

57 0.00281597

56 0.002056156

55 0.000888529

54 0.00033664

53 0.001061667

52 0.001633635

51 0.002647827

50 0.003131348

49 0.003814634

48 0.004050629

47 0.004504728

46 0.004839674

45 0.005103696

44 0.005279312

43 0.005468995

42 0.005661991

41 0.005665414

40 0.005652798

39 0.005648166

38 0.005635435

37 0.005525267

36 0.005384371

35 0.005489622

34 0.005140715

33 0.004820596

32 0.004814068

31 0.004636606

30 0.004247092

29 0.004140805

28 0.00367055

27 0.00329899

26 0.003169944

25 0.003191874

24 0.003240534

23 0.003303634

22 0.00334314

21 0.003550584

20 0.004130215

19 0.004491379

18 0.004941333

17 0.005762901

16 0.006463127

15 0.007095413

14 0.007747393

13 0.008638175

12 0.009117954

11 0.009731563

10 0.010115502

9 0.01069468

8 0.011037761

7 0.01130935

6 0.011366059

5 0.011288745

4 0.011265297

3 0.010898233

2 0.01085648

1 0.010706383

0 0.010458171

-1 0.010220418

-2 0.009974416

-3 0.009091267

-4 0.008728578

-5 0.008304698

-6 0.007848829

-7 0.007431185

-8 0.007120622

-9 0.006503809

-10 0.006239231

-11 0.006087989
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-12 0.005943051

-13 0.006098258

-14 0.006505539

-15 0.007286123

-16 0.007926386

-17 0.009091223

-18 0.010082952

-19 0.011415235

-20 0.012397931

-21 0.013622857

-22 0.014566106

-23 0.015178976

-24 0.016071535

-25 0.016912983

-26 0.017455902

-27 0.0183507

-28 0.018851073

-29 0.019351066

-30 0.019819691

-31 0.02032424

-32 0.020789691

-33 0.021085197

-34 0.021159414

-35 0.021264382

-36 0.021447327

-37 0.021565867

-38 0.021559893

-39 0.021461342

-40 0.021452018

-41 0.021348282

-42 0.021152173

-43 0.020945004

-44 0.020704854

-45 0.020405004

-46 0.020162176

-47 0.01994065

-48 0.019234673

-49 0.018858956

-50 0.018638814

-51 0.018242237

-52 0.017771216

-53 0.017272996

-54 0.016960113

-55 0.0165132

-56 0.015905832

-57 0.015645732

-58 0.015564153

-59 0.015158958

-60 0.014851089

-61 0.014535192

-62 0.014276737

-63 0.0141666

-64 0.013969016

-65 0.013565928

-66 0.013105516

-67 0.012967344

-68 0.012549181

-69 0.01206181

-70 0.011726477

-71 0.011447511

-72 0.010723701

-73 0.010371605

-74 0.009855391

-75 0.009127716

-76 0.008233972

-77 0.007344748

-78 0.006732662

-79 0.006115747

-80 0.005596771

-81 0.005156186

-82 0.00488069

-83 0.004560371

-84 0.004626517

-85 0.004740726

-86 0.004847864

-87 0.005299266

-88 0.005503867

-89 0.005443955

-90 0.005751116

];

%close all;

clear all;

clc;

format short

N =4;

c = 3e8;
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f = 2.4e9;

lambda = c/f;

d = lambda/2;

k = (2*pi)/lambda;

theta_s = 40*(pi/180); % Angle from x-axis = 90 deg or angle

% from z-axis

% = 0 deg

% Four elements antenna array

% Projections on wavefront

th0 = theta_s; %0*(pi/180); %receive angle

th1 = -45*(pi/180); %-20*(pi/180); % first interferer angle

th2 = -25*(pi/180); %10*(pi/180); % second interferer angle

th3 = 10*(pi/180); %30*(pi/180); % third interferer angle

% Elements locations on curved conformal surface

%#################################################################

r = 0.2032; % For 8 inches = 0.2032 m radius sphere

theta1 = d/r;

theta2 = d/(2*r);

phi1 = pi/2 - (theta1 + theta2);

phi2 = phi1 + theta1;

phi3 = phi2;

phi4 = phi1;

phi_n = [phi1;phi2;phi3;phi4];

for m = 1:N/2

x_n(m) = -r*cos(phi_n(m));
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end

for m = (N/2+1):N

x_n(:,m) = r*cos(phi_n(m));

% x_n = [ -0.0896 -0.0311 0.0311 0.0896]

end

for m = 1:N

z_n(m) = r*sin(phi_n(m));

% z_n = [0.1578 0.1788 0.1788 0.1578]

end

%#################################################################

for m = 1: N

% h_n = [ 0.0927;0.0312;0.0312;0.0927]

h_n(m) = sqrt((0-x_n(m))^2 + (r-z_n(m))^2);

phi_inv(m) = asin((r-z_n(m))/h_n(m));

end

theta_b = phi_inv;

theta_b_degrees = theta_b*180/pi

% theta_b = [13.2172 4.4057 4.4057 13.2172]

% For theta_s = 40 > 0, theta_b, the wave front hits right elements

% 3,4 first and left elements 1,2 later with respect to origin

psi1_SOI = exp(-1j*k*h_n(1)*sin(theta_b(1) + abs(th0)))*

cos(pi/2-phi_n(1)+th0);

psi2_SOI = exp(-1j*k*h_n(2)*sin(theta_b(2) + abs(th0)))*

cos(pi/2-phi_n(2)+th0);

psi3_SOI = exp(1j*k*h_n(3)*sin(-theta_b(3) + abs(th0)))*
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cos(pi/2-phi_n(3)-th0);

psi4_SOI = exp(1j*k*h_n(4)*sin(-theta_b(4) + abs(th0)))*

cos(pi/2-phi_n(4)-th0);

SOI = [psi1_SOI psi2_SOI psi3_SOI psi4_SOI].’; % a0

% For theta_s = theta_SNOI = -45 < 0 and > theta_b,

% the wave front hits left elements 1,2 first and right

% elements 3,4 later with respect to the origin

psi1_SNOI1 = exp(1j*k*h_n(1)*sin(-theta_b(1) + abs(th1)))*

cos(pi/2-phi_n(1)+th1);

psi2_SNOI1 = exp(1j*k*h_n(2)*sin(-theta_b(2) + abs(th1)))*

cos(pi/2-phi_n(2)+th1);

psi3_SNOI1 = exp(-1j*k*h_n(3)*sin(theta_b(3) + abs(th1)))*

cos(pi/2-phi_n(3)-th1);

psi4_SNOI1 = exp(-1j*k*h_n(4)*sin(theta_b(4) + abs(th1)))*

cos(pi/2-phi_n(4)-th1);

SNOI1 = [psi1_SNOI1 psi2_SNOI1 psi3_SNOI1 psi4_SNOI1].’; % a1

% For SOI, SNOI < 0

psi1_SNOI2 = exp(1j*k*h_n(1)*sin(-theta_b(1) + abs(th2)))*

cos(pi/2-phi_n(1)+th2);

psi2_SNOI2 = exp(1j*k*h_n(2)*sin(-theta_b(2) + abs(th2)))*

cos(pi/2-phi_n(2)+th2);

psi3_SNOI2 = exp(-1j*k*h_n(3)*sin(theta_b(3) + abs(th2)))*

cos(pi/2-phi_n(3)-th2);

psi4_SNOI2 = exp(-1j*k*h_n(4)*sin(theta_b(4) + abs(th2)))*

cos(pi/2-phi_n(4)-th2);

SNOI2 = [psi1_SNOI2 psi2_SNOI2 psi3_SNOI2 psi4_SNOI2].’; % a2
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% For SNOI = 10 > 0

psi1_SNOI3 = exp(-1j*k*h_n(1)*sin(theta_b(1) + abs(th3)))*

cos(pi/2-phi_n(1)+th3);

psi2_SNOI3 = exp(-1j*k*h_n(2)*sin(theta_b(2) + abs(th3)))*

cos(pi/2-phi_n(2)+th3);

psi3_SNOI3 = exp(1j*k*h_n(3)*sin(-theta_b(3) + abs(th3)))*

cos(pi/2-phi_n(3)-th3);

psi4_SNOI3 = exp(-1j*k*h_n(4)*sin(theta_b(4) - abs(th3)))*

cos(pi/2-phi_n(4)-th3);

SNOI3 = [psi1_SNOI3 psi2_SNOI3 psi3_SNOI3 psi4_SNOI3].’; % a3

A = [SOI SNOI1 SNOI2 SNOI3];

u = [1 0 0 0];

w = u/A; % Weights with out including effect of mutual coupling

%######################################

% Z parameters from HFSS at f = 2.4729 GHz

% Self Terms

Z11 = -30.95-25.57i ;

% Z22 = -37.87-16.15i;

% Z33 = -41.18-5.56i;

% Z44 = -5.11-39.33i;

% Mutual Terms

Z12 = 0.45+3.94i;

Z13 = -1.355+1.923i;

Z14 = 0.8+0.186i;
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Z21 = Z12;

Z23 = -2.63+3.77i;

Z24 = -1.25+1.82i;

Z31 = Z13;

Z32 = Z23;

Z34 = 0.844+3.856i;

Z41 = Z14;

Z42 = Z24;

Z43 = Z34;

Z22 = Z11;

Z33 = Z11;

Z44 = Z11;

Z0 = 50;

% Normalized Impdance Matrix

Z = [Z11/Z0 Z12/Z0 Z13/Z0 Z14/Z0;Z21/Z0 Z22/Z0 Z23/Z0 Z24/Z0;

Z31/Z0 Z32/Z0 Z33/Z0 Z34/Z0;Z41/Z0 Z42/Z0 Z43/Z0 Z44/Z0];

I = eye(4);

Zc = Z + I ; %Normalized coupling impedance matrix

Ac = Zc\A; %inv(Zc)*A;

wc = u/Ac;

%w = Z\w.’; %inv(Z)*w.’;

w_mag_norm = abs(w)./max(abs(w))

%w_mag_dB = 20*log10(w_mag_norm);

w_phase_deg = angle(w).*(180/pi)

wc_mag_norm = abs(wc)./max(abs(wc))

%wc_mag_dB = 20*log10(wc_mag_norm);
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wc_phase_deg = angle(wc).*(180/pi)

% Array factor

theta = (pi/180)*(-90:180/628:90);

%theta = (pi/180)*(-90:2:90);

e_l1 = cos(pi/2 - phi_n(1)+theta);

e_l2 = cos(pi/2 - phi_n(2)+theta);

e_r3 = cos(pi/2 - phi_n(3)-theta);

e_r4 = cos(pi/2 - phi_n(4)-theta);

u1 = sin(theta);

u2 = cos(theta);

%w = [1,1,1,1];

% No mutual ccoupling

figure

AP = w(1).*e_l1.*exp(1i.*k.*(x_n(1).*u1 + z_n(1).*u2)) + ...

w(2).*e_l2.*exp(1i.*k.*(x_n(2).*u1 + z_n(2).*u2))+ ...

w(3).*e_r3.*exp(1i.*k.*(x_n(3).*u1 + z_n(3).*u2))+ ...

w(4).*e_r4.*exp(1i.*k.*(x_n(4).*u1 + z_n(4).*u2));

% Effects of mutual coupling

APc = wc(1).*e_l1.*exp(1i.*k.*(x_n(1).*u1 + z_n(1).*u2)) + ...

wc(2).*e_l2.*exp(1i.*k.*(x_n(2).*u1 + z_n(2).*u2))+ ...

wc(3).*e_r3.*exp(1i.*k.*(x_n(3).*u1 + z_n(3).*u2))+ ...

wc(4).*e_r4.*exp(1i.*k.*(x_n(4).*u1 + z_n(4).*u2));

AP_norm = abs(AP)./max(abs(AP));
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APc_norm = abs(APc)./max(abs(APc));

set(0,’DefaultAxesColorOrder’,[0 0 0], ...

’DefaultLineMarkerSize’, 8, ...

’DefaultAxesFontSize’, 16, ...

’DefaultTextFontSize’, 16, ...

’DefaultLineLineWidth’,2);

plot(theta*180/pi,20*log10(AP_norm),’k-’);

hold on

plot(theta*180/pi,20*log10(APc_norm),’k--’);

hold on

Meas_case2_norm = abs(Meas_case2(:,2))./max((Meas_case2(:,2)));

plot(-Meas_case2(:,1),20*log10(Meas_case2_norm),’k.’);

hold on

plot(-HFSS_case2(:,1),HFSS_case2(:,2),’kx’);

xlabel(’\theta(deg)’)

ylabel(’|E_{\phi}| (dB)’)

axis([-90 90 -50 0])

legend(’Analytical (without coupling)’,’Analytical (with coupling)’

,’Measured’,’HFSS’)

%plot(theta*180/pi,e_l2)

%plot(x_n,z_n,’o’)
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