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A B S T R A C T 

The current state-of-the-art adaptive antennas for Global Positioning System 

(GPS) receivers are planar antenna arrays. Due to the planar nature of these antenna 

arrays, the resolution wi th respect to the elevation plane is l imited i f the antenna is 

mounted in a horizontal plane. The nulls formed by the adaptive antenna in response 

to low elevation radio frequency interference (RFI) signals extend significantly into 

the elevation plane resulting in performance degradation. One solution to combat this 

problem is to use non-planar adaptive antennas w i t h GPS receivers. The non-planar 

adaptive antenna can exploit its geometry to provide R F I suppression against low el­

evation interfering signals while maintaining reception of low angle signals of interest 

(SOI) to yield highly accurate Position, Velocity, and Time (PVT) solutions. I t w i l l 

be shown that convex non-planar antenna arrays perform significantly better than 

planar antenna arrays as well as concave non-planar antenna arrays in the presence 

of low elevation R F I signals. Also, an increase in the curvature of the antenna array 

w i l l result in A J performance improvement. A l l antenna arrays studied in this thesis 

have similar projected area (looking f rom the top) relative to the current state-of-

the-art planar adaptive antenna (GAS-1 CRPA). Moreover, the convex non-planar 

antenna arrays contains more surface area allowing the addition of more antenna 

elements resulting in further performance improvement. The antenna element used 

in this study is a dual stacked microstrip patch antenna designed to operate at the 

Ll(1575.42 MHz) and L2(1227.6 MHz) GPS frequencies. Rigorous electromagnetic 

(EM) modeling, which takes into account mutual coupling of antenna elements and 

array structure, of the various antenna arrays is performed to obtain the in situ 

volumetric patterns of the individual antenna elements. 

This thesis also focuses on determining the opt imum number of elements as well as 

their distributions based upon antenna array performance for a fixed aperture size of a 
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six inch high and two inch high convex non-planar adaptive antenna. The antenna ar­

rays investigated have a single constraint to have the reference element distributed at 

the top of the convex surface to provide upper hemispherical coverage. The adaptive 

antenna performance is evaluated wi th respect to the adaptive algorithms of simple 

power minimization and beam forming / null steering. The performance metrics are 

the output Signal-to-Interference plus Noise Ratio (SINR) and the average available 

region over the upper hemisphere for which the output SINR exceeds a selected value 

in the presence of multiple interfering signals, where the average value is obtained by 

performing Monte Carlo simulations. 

I t w i l l be shown that for the six inch high surface, i t is better to distribute the 

antenna elements along two rings, w i t h the inner ring at an angle of 45° f rom the 

centroid (a height of 4.24"), and the other ring along the bot tom outer edge of the 

hemisphere. However, i f less surface area is available, as is the case wi th the two 

inch high surface, i t is best to distribute the remaining elements on the periphery 

of the antenna array. Furthermore, i t w i l l be shown that when adaptive antenna is 

operating in the beam forming / null steering mode the addition of more elements 

always leads to improved performance; however, this does not hold true when the 

adaptive antenna is operating in the simple power minimization mode. 
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C H A P T E R 1 

I N T R O D U C T I O N 

Adaptive antenna arrays possess the ability to dynamically modify their patterns 

in response to the incident signal environment. As a result, they are extremely useful 

in suppressing radio frequency interference (RFI) , which can be either intentional 

or unintentional, while maintaining reception of the signal of interest (SOI). This 

performance is achieved by adjusting dynamic weights to steer nulls in the direction 

of incident R F I and maintaining gain in the direction of the desired signal or signals. 

Various factors affect the performance of adaptive antenna arrays. These factors 

consist of antenna array design issues as well as signal processing issues. The antenna 

array design issues involve the design of the individual antenna element, the number 

of antenna elements, the element spacing, and the pla t form [13, 4, 6, 5, 7]. The 

signal processing issues include the adaptive algorithms, the number of taps, the 

tap delay, the selection of the reference tap, and the the sampling rate [8, 9, 11, 

12]. The focus of this thesis is w i t h respect to the antenna array design issues w i t h 

fixed signal processing parameters. Adaptive antennas are commonly used in radar, 

communication, and navigation systems. The focus of this study is Global Positioning 

System (GPS) receivers. 

Providing accurate GPS information is extremely critical for a wide variety of 

applications, and especially mil i tary applications. W i t h the emergence of ultra-

wideband ( U W B ) data systems and the growth of wireless communication systems, 

there are a number of potential sources to cause unintentional interference for GPS 

users. Moreover, intentional jamming f rom hostile sources is always an area of con­

cern dealing w i t h the availability of GPS. As a result, Ant i -Jam (AJ) adaptive anten­

nas must be designed to remain functional and maintain reception of GPS satellites 
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throughout a wide range of harsh interference threat environments. The antenna is 

the connection between the receiver and the real world, and if the antenna is not 

properly designed to sufficiently suppress any type of incident interference, there is 

no possible means to recover the signal. Furthermore, the adaptive antenna should be 

designed to suppress R F I while maintaining maximum availability of GPS satellites. 

The current state-of-the-art adaptive antennas used in conjunction wi th GPS re­

ceivers are planar antenna arrays. Due to the planar nature of these antenna arrays, 

the resolution w i t h respect to the elevation plane is l imited i f the antenna is mounted 

in a horizontal plane. The nulls formed by the adaptive antenna in response to inter­

ference signals extend significantly into the elevation plane resulting in performance 

degradation. This is especially true for low elevation interfering signals. As a result, 

i t can lead to reception loss of low elevation GPS satellites resulting in a less accu­

rate Position, Velocity, Time (PVT) solution. One way to resolve this problem is to 

use non-planar adaptive antennas wi th GPS receivers. Non-planar antenna arrays 

have been proposed in [1, 10]; however, neither discussed the performance of non-

planar antenna arrays in the presence of interfering signals. The non-planar adaptive 

antenna can exploit its geometry to provide R F I suppression against low elevation 

interfering signals while maintaining reception of low angle GPS satellites to yield 

highly accurate navigation solutions. 

I n this thesis, the performance of planar and non-planar GPS adaptive antenna 

arrays operating in harsh interference environments consisting of multiple low eleva­

t ion interfering signals is investigated. A l l antenna array apertures studied in this 

work have similar projected area (looking f rom the top) of twelve inches. Also, the 

antenna arrays are constrained to having a single element distributed at the center of 

their respective surface. Rigorous electromagnetic modeling is carried out to include 

mutual coupling between the individual antenna elements as well as structure effects 

to obtain the in situ element volumetric patterns. This study is l imited only to C W 

incident signals (desired as well as interference) and antenna electronics based on 

space-only processing. However, i t has been shown in [14] that the performance of 

mult i- tap Space-Time Adaptive Processing (STAP) based Antenna Electronics (AE) 
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in the presence of wideband signals is almost identical to the performance of space-

only processing in the presence of C W signals. Therefore, the conclusions of this 

thesis are also applicable to STAP based A E . This result yields a two-fold advantage 

in the reduction of computation time to evaluate the antenna array performance. 

First, the response of the individual antenna elements only needs to be analyzed at 

the L l and L2 carrier frequencies instead of over the entire GPS frequency bands. 

Also, the reduction f rom multiple taps to a single tap yields a significant reduction 

in the computation time involved in the signal processing of the data to evaluate 

performance. The performance is examined using two adaptive algorithms, notably 

simple power minimization [8] and beam forming / null steering, which are both con­

strained to minimize the total output power. The performance metrics are output 

SINR and available angular region, which is defined as the region over the entire upper 

hemisphere for which the output SINR exceeds a selected level. This is calculated as 

the mean value over twenty-five independent trials for a given number of interfering 

signals, where their angle of arrival is varied randomly f rom one t r ia l to the next. 

The results of this thesis w i l l show that convex non-planar antenna arrays perform 

significantly better than planar as well as concave non-planar antenna arrays. In fact, 

concave non-planar antenna arrays do not even perform as well as planar antenna 

arrays. I t is shown that performance improvement can be achieved by increasing 

the amount of curvature of the convex non-planar surface geometry. As a result, 

i t is shown that the six inch high geometry exhibits the best performance. Further 

investigation of the six inch high geometry reveals that one should distribute the 

elements in two rings, where the constraint of the reference element at the top of the 

hemisphere is met, and the remaining elements distributed on an inner ring of height 

4.24 inches and an outer ring along the bot tom of the hemisphere. A l l platforms 

may not be able to tolerate an antenna height of six inches, and one s t i l l wants 

to take advantage of the non-planar geometry; therefore, a two-inch high geometry 

is also investigated. I t is shown that as the aperture becomes filled, there is an 

advantage to placing the elements along one ring instead of two rings; however, there 

is not a significant advantage between distributing antenna elements uniformly or 

non-uniformly. Furthermore, i t wi l l be shown that an increase in antenna elements 
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w i l l always lead to performance improvement i f the A E is operating in the beam 

forming / null steering mode; whereas, this is not the case for the A E operating in 

simple power minimization mode. W i t h respect to the A E operating in simple power 

minimization mode, i t is shown that increasing elements w i l l improve A J performance 

up to a certain number, and increasing elements past this number wi l l either cause 

the performance to increase only marginally, or in some cases, cause the performance 

to degrade. 

The rest of this thesis is organized as follows: Chapter 2 introduces the basic 

concepts relating to the adaptive antenna. Furthermore, i t w i l l discuss the develop­

ment of the adaptive processing (i.e., algorithms and processing techniques) as well 

as the simulation and signal scenarios used in conjunction wi th the array processing. 

Chapter 2 w i l l also discuss the performance metrics utilized in this thesis to gauge 

the performance of the antenna array. Moreover, i t wi l l also describe the selected 

individual antenna element. Chapter 3 describes the non-planar surface selection for 

the geometry of the antenna array that yields the best performance, and that the 

addition of antenna elements also leads to improved performance. Chapter 4 shows 

that increasing the curvature of the non-planar surface results in improved perfor­

mance and also yields more surface area, which allows one to increase the number of 

antenna elements in the array. Chapter 5 compares the performance of six inch high 

non-planar convex antenna array geometries. Three separate types of antenna distri­

butions for the selected geometry are investigated. Moreover, the best antenna array 

for the six inch high surface w i l l be presented. Chapter 6 compares the performance 

of two inch high non-planar convex antenna array geometries and yields a selected ge­

ometry based upon the adaptive performance. Chapter 7 compares the performance 

of three twelve element antenna arrays, a planar geometry, a two inch high geometry 

and a six inch high geometry and demonstrates performance improvement that can 

be achieved. Finally, Chapter 8 presents the conclusions and some ideas for future 

research. 
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C H A P T E R 2 

B A C K G R O U N D AND U N D E R S T A N D I N G 

This chapter lays the foundation for the work presented in this thesis. The an­

tenna electronics (AE) used in this thesis is based on space-only adaptive processing, 

which is a special case of space-time adaptive processing. Therefore, we first derive 

the analytical model for space-time adaptive processing for completeness, and then 

relate i t specifically to space-only adaptive processing. Moreover, i t derives the STAP 

algorithms used in conjunction w i t h this thesis. This chapter then describes the signal 

scenario, as well as, the individual antenna element that is employed in this study. 

2.1 Analytical model of Space-Time Adaptive Processing 

Figure 2.1 shows a block diagram of STAP, consisting of L antenna elements and 

N taps behind each element. The signal component denoted by x ; n is the received 

voltage at the output of a antenna element for the Zth element and the n t h tap. A t this 

point, the signal component is a combination of the desired signal, the interference 

signal and thermal noise, which is combined after passing through the RF front end, 

which is assumed to be ideal, of the antenna. I t is important to note, the signals 

(desired and interference) incident upon the antenna as well as the thermal noise 

are assumed to be mutually uncorrelated. Wide Sense Stationary (WSS) zero-mean 

random processes. Each tap delays the signal component through the antenna by To, 

where Tq is the inverse of the sampling rate, and the signal, Xin(t), is given in discrete 

time by: 

xln{t) = xtit - {n - 1)T0) (2.1) 
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The complex weights are assumed steady state and are denoted win for the weight 

at the Ith element and the n t h tap. Next, the voltage signals are multiplied by their 

respective corresponding weights and summed together to form the the array output 

y{t) given by: 
L N 

yit) = ^2^2wlnxinit) (2.2) 
1=1 n=l 

By expressing the tap voltage signals and their corresponding weight vectors in vector 

form as follows 

X = [xn...XiNX2l...X2NXLl---XLN]T (2-3) 

W = [Wn---W-INX21...W2NXL1---WLN]T (2-4) 

(where superscript T denotes the transpose operator and lowercase boldface charac­

ters represent vectors), one can express the array output as 

y{t) = x r w = w T x (2.5) 

In general, the signal vector x and the array output are dependent upon current time, 

t ; however, this wi l l be dropped in the following equations for convenience. The mean 

square output of the array is given as 

P = \E{y*y} 

= ^ { ( w ^ n x ^ w ) } 

= iE{wHx*xTw} 

2 1 ; 

= - ( w ^ w ) (2.6) 

where $ is the LN x LN covariance matr ix defined as 

$ = E { x * x T } (2.7) 

I n the above equations, E {•} denotes the expectation operator, superscript * 

denotes the complex conjugate and superscript H denotes Hermitian or complex con­

jugate transpose operator. The weights w can be pulled outside of the expectation 
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because they are not a random process and are independent of time, t. The total 

received signal vector x can be decomposed into its various signal components, 

X = X d + X,; + x n (2.8) 

where x^ represents the received voltages due to the desired signal, x , represents the 

voltages due to the interference signals, and x n represents the voltages due to thermal 

noise of the system. By expressing the signal vector in terms of its three components 

one can now expand the total covariance matr ix as 

$ = £ ; { ( x d + x i + x n , ) * ( x d + x): + x n ) T } (2.9) 

= E{**d*T

d}+ ^ { x ^ x f } + E{x*d^}+ £ { x * x j } + E{x*^} + 

E { x * ^ } + E K x J } + E K x f } + E « x ^ } (2.10) 

Under the assumption that the desired signal, interference signal and noise signal 

are all mutually uncorrelated and zero mean, the cross terms in (2.10) are equal to 

zero, and $ can be expressed as 

$ = E { ^ T

d } + E { ^ J } + E { ^ } 

= $ d + + (2.11) 

where Qd represents the desired signal covariance matrix, ^ represents the interfer­

ence signal covariance matrix, and $ n represents the noise signal covariance matrix. 

Therefore, the individual covariance matrices can be solved for independently and the 

to ta l covariance matr ix can be found by 2.11. Each individual covariance matr ix is 

LN x LN and represents the correlation between all taps and elements. The covari­

ance matr ix for arbitrary signal k, corresponding to either the desired or interference 

signal, can be subdivided into element-to-element submatrices and wri t ten as 

L^ikllJjVxJV [^k^N-xN • • • [$k1L]NxN 

i J NxN NxN (2.12) 

where [Qk^NxN denotes the the NxN covariance matr ix between elements p and q. 

The covariances matrices w i t h respect to two elements are defined by 

[ $ f c p J j n n = E { x ; m x ^ } (2.13) 
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we can further expand the received signal voltage x as the convolution of the time 

domain incident signal k{t) and the time domain antenna response of element p, 

denoted hp{t). I t is also important to note that the antenna response is dependent 

upon look direction 0^) which is taken into account; thus, 

E{[hPi6k,(l>k,t)®kit-im-l)lh)]* 

[hgie^^t) ® k{t - {n - 1)TQ)]} (2.14) 

= E 

- L 

/

oo 
k(t - (m - 1)T 0 - a)hp{6k, (f>k, a)da 

•oo 

/

oo 
k{t - (n - l )To - P)hq{eu, 0 f e , 0)313 

•oo 

/

oo poo 
I E {k*{t - (m - l)To - a)k{t - (n - 1 ) ^ - 13)] 

oo J — oo 
h*{$k, <f>k, a)hq{9k, <f>k, 0)dad(3 

POO 

/ E {k*{t - (m - l)To + (n - l)ro - a + 0)k{t)} 
J—oo 

h*p{ekl a)hq{9k, ( f ) k , P)dad(3 

/

OO poo 
/ E{k*{t-{{m-n)TQ + a-p)k{t)} 

oo J —oo 
h*p{Bk, (f>k, a)hq{9k, <j>k, (3)dadf3 

/

OO POO 
I Rk{{m-n)To + a-/3)h;i9k,(t>k,a) 

oo J —oo 
hq{ek,(j)kl(3)dad(3 

oo J —oo 

(2.15) 

where (8> is the convolution operator and RK{T) is the autocorrelation of signal k and 

is defined as 

RK{T) = E {k*{t)k{t + T)} = E {k*{t - r)k{t)} (2.16) 

As a result, the entries of the covariance matr ix are given by 

[^fcpjmn = [Rk{r + (to - n)T0) (g) h*{ek, <j>k, - r ) ® hq{0k, (pk, r ) ] | T = 0 

= F-1 {Sk{w)H;{dk,<l>kJ)Hq{ek,<t>k,f)] |r=(m-n)To (2.17) 

where Sk{uj) is the power spectral density of the signal k and is defined as 

Sk{u)=F{RkiT)} (2.18) 
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T and J-~x are the Fourier Transform and Inverse Fourier Transform operators, re­

spectively. Furthermore, Hp{6k, (j)k, f ) and Hq{9k, (j)k, f ) denote the frequency response 

of antenna elements p and q, respectively, for a given incident direction (6^,0^). I t 

is imperative the elements share a common phase center. Moreover, i f one knows 

the power spectral density of the Signal Of Interest (SOI) and the antenna response 

over the bandwidth of the signal, one can analytically generate the individual covari­

ance matrices ^ and ^ . These covariance matrices are constructed for only a single 

signal; however, when multiple interference signals are incident upon the antenna 

array, the interference covariance matr ix is the sum of the individual interference co-

variance matrices, again under the assumption they are mutually uncorrelated. The 

interference covariance matr ix in the presence of K interfering signals is wr i t ten as 

K 

^ = ^ 2 ^ (2.19) 
k=l 

The thermal noise is assumed to have a flat power spectral density over the system 

bandwidth, which is determined by the bandwidth of the RF front end electronics. 

The thermal noise is assumed to be uncorrelated between channels and has a power 

spectral density of iVo, and the noise covariance matr ix is given as 

[®nu]N*N 0 ••• 0 

: ••. ••• 0 
0 ••• 0 [$kLL]NxN. 

where the submatrices, [&kpq]NxN denotes the the N x N noise covariance matr ix 

between elements p and q and is equal to zero iox p ^ q. This yields a block diagonal 

matrix. Furthermore the noise covariance matr ix is equal to a unitary matrix, when 

the tap spacing is equal to the inverse of the system bandwidth, and the noise becomes 

temporally uncorrelated; whereas, i t is already spatially uncorrelated[12]. Again, 

the total covariance matr ix is the sum of the individual noise and signal covariance 

matrices. 

$ = (2.20) 
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2.2 Space-Only Adaptive Processing 

Space-only adaptive processing can be thought of as a special case of space-time 

adaptive processing where the number of taps is reduced f rom N to 1. By reducing the 

taps to 1, one sacrifices the ability to perform any nulling in the temporal domain and 

is only able to null signals relative to the spatial domain. I t has been shown in [14] 

that space-only processing in the presence of C W signals is almost identical to space-

time adaptive processing in the presence of wideband signals. This is related by the 

fact that STAP does not add anymore spatial degrees of freedom, but i t does help in 

the nulling of wideband signals in the temporal domain. Space only processing in the 

presence of C W signals requires less a priori knowledge of various system parameters. 

The power spectral density, or signal structure, of various incident signals is no longer 

required over the signal bandwidth, and one only needs to know the power at the 

carrier frequency, since one is only concerned w i t h C W signals. Also, one only needs 

to know the antenna response at the carrier frequencies of the SOI, and no longer over 

the entire bandwidth of the system. This result leads to a significant computation 

reduction in solving for the submatrices of the individual covariance matrices between 

two elements seen in equation 2.17. They are reduced f rom size A x A to a single 

scalar, and the size of the covariance matr ix is reduced f rom LN x LN to L x L , 

which is very useful. 

2.3 STAP weights 

The purpose of this section is to provide more insight into the development of the 

steady-state weights, w , as well as, the two STAP algorithms used in conjunction 

w i t h this study. The algorithms utilized in this study adapt the weights in order to 

minimize the output power under a single constraint. The output power is given in 

(2.6) where $ is the tota l covariance matr ix stated in (2.11). The output power is 

minimized under a single constraint [8], 

u / / w = l (2.21) 

where u represents the constraint vector, and the the generalized weight solution can 

be calculated through a method of Lagrange Multipliers to minimize the total output 
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power under the above constraint, and the weights can be wri t ten as 

$ - 1 u 
w = . (2.22) 

The first algorithm studied is referred to as Simple Power Minimization, (also 

known as Null-Steering and Power Inversion), and i t minimizes the output power 

through the constraint that the reference tap of the reference element is fixed to 

unity. I t has been shown in [11] that an odd number of taps should be implemented, 

and for good performance the reference tap should be the center tap or [ y ] . This 

algorithm is often implemented due to its convenience. I t does not require any a 

priori knowledge of antenna or the SOI. Simple power minimization should only be 

selected when the SOI is sufficiently weak (as is the case wi th GPS signals), because i t 

suppresses all incident high powered signals indiscriminately . The weights are given 

by (2.22) where the constraint vector is given by 

u = [ u 1 - - - u ; ] r (2.23) 

The / th subvector is given by 

f [ o , o , . . . , i , . . . , o , o ] , ifZ = / r 

[ 0 , lil^lr ^ ^ 

where lr is the index of the reference element. A more detailed derivation for simple 

power minimization is given in [8]. 

The other algorithm used in this study is referred to as Beam Forming / Nu l l 

Steering (also known as Simple Beam Steering). I t constrains the array to steer 

a beam (enhance the gain) in the direction of SOI while the remaining degrees of 

freedom are used to minimize the tota l output power. This method requires a priori 

knowledge of the look direction of the SOI as well as the antenna response in that 

direction. The weights are given in (2.22) and the constraint vector is of the same 

form as (2.23). The Ith. subvector is given by 

^ = [ 0 , 0 , . - . , 0 , 0 ] (2.25) 

where is located at the reference tap and corresponds to the complex conjugate of 
the voltage induced by the SOI at the Ith element. 

I 1 



2.4 Performance Metrics 

In this study, two performance metrics are used to evaluate the performance of the 

space-time adaptive array. The metrics are based upon the received signal powers and 

are used to determine whether the SOI wi l l be detectable in the receiver. The first 

metric used is output Signal-to-Interference plus Noise ratio (SINR), and this output 

power ratio can be solved for analytically using the steady state adapted weights and 

the individual covariance matrices. Recall that the tota l output power given in (2.6), 

where the to ta l covariance matr ix (Equation 2.11) can be separated into a sum of 

individual covariance matrices assuming the signals are mutually uncorrelated, and 

one can write the individual output powers as 

Pd = ^ w ^ w (2.26) 

Pi = ^ w ^ w (2.27) 

Pn = i w ^ w (2.28) 

where Pd, Pi, and Pn are the output powers of the desired, interference, and noise 

signals, respectively. The SINR is then defined as 

SINR = „ Pd' (2.29) 

Furthermore, i t is more common to measure SINR in terms of decibels (dB) and is 

given as 

SINRdB = 10 logaoTTlV ( 2 - 3 0 ) 

For the remainder of this thesis, output SINR is referred to in its dB form. 

The the other metric is Available Angular Region. I t is defined as the available 

region over the entire upper hemisphere for which the output SINR exceeds a selected 

threshold. These two metrics w i l l be used to evaluate the performance of the various 

antenna arrays examined in this study. 

2.5 Simulation and Signal Scenario 

The incident signal scenario consists of a single desired signal and multiple inter­

fering signals. The noise signal is Addit ive Whi te Gaussian Noise (AWGN) assumed 
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uncorrelated between channels and equal to 0 dB. The desired signal has a Signal-

to-Noise Ratio (SNR) of -30 dB at an isotropic element and its Angle of Arr iva l 

(AoA) is varied to sweep the entire upper hemisphere. Each interfering signal has an 

Interference-to-Noise Ratio ( INR) equal to 50 dB at an isotropic element and its AoA 

is l imited to the angular region of —10° to 20° elevation and at least 15° separation in 

azimuth. Moreover, twenty-five independent trials are carried out for a given number 

of interfering signals, where their directions are varied randomly f rom one t r i a l to the 

next. A l l signal incident upon the antenna array are assumed to be uncorrelated w i t h 

each other as well as the thermal noise. The incident signals are assumed to be in 

the L l (1575.42 MHz) and L2 (1227.6 MHz) GPS bands. 

In this study, the Antenna Electronics (AE) is based on Space-Only Processing 

and all incident signals are assumed to be narrow band (CW) signals. As stated 

above and in [14], the performance of space-only processing in the presence of C W 

signals is similar to the performance of multi- tap space-time adaptive processing in 

the presence of wide band signals. Therefore, the results and conclusions of this 

study are applicable to STAP based A E . This result yields a two-fold advantage in 

the reduction of computation time to evaluate the antenna array performance. First, 

the response of the individual antenna elements only needs to be analyzed at the L l 

and L2 carrier frequencies instead of the entire the GPS frequency bands. Also, the 

reduction f rom N taps to a single tap yields a significant reduction in the computation 

time involved in the signal processing of the data to evaluate performance. As a 

result, this reduction enables the study of more antenna configurations. Rigorous 

electromagnetic modeling is carried out to include the mutual coupling and structure 

effects of the antenna arrays. A numerical electromagnetic (EM) code, F E K O [15], is 

used to calculate the in situ volumetric patterns of each individual antenna element 

at the L l and L2 band carrier frequencies. 

2.6 Individual Antenna Element 

This study utilizes actual antenna elements to evaluate the performance of the 

antenna arrays. The selected element is a dual-band stacked microstrip patch antenna 

designed w i t h input impedance and radiation characteristics at L l and L2 frequency 
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bands. Proper design of stacked patch antennas can be achieved by feeding the 

lower patch w i t h the upper patch being parasitic, or by feeding the upper patch 

wi th the lower patch being parasitic, as is the case for the element in this study. 

Figure 2.2 shows the antenna configuration. The dielectric layers are of the same 

permit t iv i ty w i t h a dielectric constant equal to 9.2. However, the thicknesses of the 

two layers are different. The upper layer's thickness is equal to 2.54 mm, and the 

lower layer's thickness is equal to 7.62 mm. I t is noted that the substrate used w i t h 

these thickness parameters is readily available f rom Rogers Corporation (Microwave 

Materials Division, Chandler, A Z ) , and wi l l not have to be a specialized fabrication. 

The complete antenna dimensions are equal to 1.75" x 1.75" x 0.4 ". In order to 

realistically evaluate the non-planar antenna array performance the antenna element 

must be analyzed in situ using a finite dielectric substrate and a finite ground plane 

shown. The analysis and optimization for a single isolated element is carried out 

using the E M software F E K O . The geometry considered for this simulation is shown 

in Figure 2.3. The calculated return loss and right-hand circularly polarized radiation 

patterns are displayed in Figures 2.4 and 2.5, respectively. The peak gains are 7 dB 

and 5 dB and the gains at 80° are approximately -3 dB and -5 dB for at the L2 and 

L l carrier frequencies respectively. Notice that a small asymmetry is observed in the 

radiation patterns; however, i t can be eliminated by a symmetric feed. 

14 



Figure 2.1: The space-time adaptive filter model. 
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Figure 2.2: Stacked Microstrip Antenna. 

15 



Figure 2.3: Stacked Microstrip antenna (lower patch hidden in dielectric) w i t h finite 
dielectric and ground plane. 

Figure 2.4: Return Loss of the antenna element on finite dielectric. 
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(a) 1.23 GHz (b) 1.575 GHz 

Figure 2.5: Circularly Polarized Radiation Patterns of the antenna element at 1.23 
GHz (a) and 1.575 GHz (b). 
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C H A P T E R 3 

S U R F A C E S E L E C T I O N 

The main purpose of this chapter is to establish the type of surface geometry the 

antenna array w i l l be conformed to in order to yield improved performance. The 

conclusions and results presented in this chapter are similar to the one reported in 

a previous research effort [3], and are given here for completeness. Three different 

types of surface geometries are included in this study: planar, non-planar convex, and 

non-planar concave. A l l antenna arrays have similar projected area (looking f rom the 

top). The performance of the three surface geometries w i l l be evaluated using an array 

of seven and ten elements in the presence of various low elevation interfering signals 

for both the L l and L2 bands. A l l incident signals (desired as well as interference) 

are assumed to be C W signals and the A E is based on space-only processing. The 

two versions of A E being used are simple power minimization and beam forming / 

null steering, and the performance metrics used to evaluate performance are output 

SINR and available angular region. The results of this chapter w i l l conclude that the 

non-planar convex surface yields significantly better performance than planar as well 

as non-planar concave antenna arrays. Moreover, the non-planar concave antenna 

arrays exhibit worse performance than planar arrays. 

3.1 Antenna Arrays 

The performance of six antenna arrays is studied in this chapter. The surface 

geometry of the non-planar antenna arrays is a three inch high surface for the con­

vex surface and three inch deep surface for the concave surface both wi th curvature 
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relative to a sphere of radius 7.5 inches. The measuring reference point of the non-

planar arrays is the circular aperture of the planar array. The convex surface extends 

upwards and w i l l be referred to as a X inch high geometry, and the concave surface 

extends downwards and wi l l be referred to as a X inch deep geometry, where X is the 

number of inches the geometry is extended relative to the planar surface. The first 

set of three antenna arrays have seven elements; whereas, the second set contains ten 

elements. Antenna array A l (Figure 3.1) is a planar array consisting of seven ele­

ments, w i t h one element placed in the center and the remaining elements distributed 

uniformly on the periphery. Antenna array A2 (Figure 3.2) is a non-planar convex 

array w i t h seven elements, w i t h one element placed at the top of the surface, and 

the remaining elements distributed uniformly around the bot tom of the hemisphere. 

Antenna array A3 (Figure 3.3) is a non-planar concave array wi th seven elements, 

w i t h one element placed at the bot tom of the surface, and the remaining elements 

distributed uniformly around the top of the surface. The remaining three antenna 

arrays utilize the same three surface geometries, but now have ten elements. A l l 

three antenna arrays exhibit similar element distribution as the reference element is 

distributed i n the center of the array, three elements located along an inner ring, and 

the remaining six elements distributed along an the periphery of the surface. Antenna 

array A4 (Figure 3.4) is a planar array, A5 (Figure 3.5) is a non planar convex array, 

and A6 (Figure 3.6) is a non-planar concave array. 

3.2 Performance Results 

3.2.1 Output SINR 

First, i t is important to examine the performance of the various antenna arrays in 

an interference-free environment to set a general baseline as performance wi l l degrade 

w i t h the presence of interfering signals. Figures 3.7 and 3.8 show the output SINR 

(dB) in the absence of all interfering signals for the L l and L2 bands, respectively. 

Note, in this case, SINR is equal to SNR as there are no interfering signals; however, 

we w i l l s t i l l use the term SINR. The antenna electronics is operating in simple power 

minimizat ion mode. In the figure, the output SINR over the entire upper hemisphere 
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is plotted. In each plot, the center of the circle corresponds to zenith and the outer ring 

corresponds to horizon. The radial direction represents elevation and phi represents 

azimuth. Note that antenna arrays A2 and A5 have the largest area of coverage where 

the SINR is greater than -30 dB in the upper hemisphere for both the L l and L2 bands. 

Also, the planar antenna arrays ( A l and A4) perform better than the non-planar 

concave antenna arrays (A3 and A6) . I t is important to note that the performance 

of the antenna arrays degrades w i t h the addition of more elements. The reason for 

this behavior is strong mutual coupling between individual antenna elements and 

,also, shadowing of individual antenna elements in the case of the concave non-planar 

antenna arrays. When the A E is operating in simple power minimization mode the 

overall antenna array response in the absence of interference is equal to the response 

of the reference element which is the only element that remains on. Therefore, i f one 

causes significant degradation to the response of the reference element due to mutual 

coupling, one w i l l cause significant degradation to the overall antenna array response. 

Figures 3.9 and 3.10 show the output SINR for the L l and L2 bands while the 

antenna electronics is operating in beam / forming null steering mode. A l l other 

parameters are the same as in Figures 3.7 and 3.8. One observes that the entire 

upper hemisphere has output SINR performance greater than -30 dB SINR w i t h 

antenna arrays A2 and A5 exhibiting the best performance. Again, the concave non-

planar antenna arrays do not perform as well as the planar antenna arrays. Also, 

i t is important to note that increasing the number of elements leads to increased 

performance for all the antenna array surfaces when the A E is operating in beam 

forming / null steering mode. One notices that beam forming / null steering yields 

significantly better performance over simple power minimization when comparing 

Figures 3.7 and 3.8 w i t h Figures 3.9 and 3.10. 

Figures 3.11 and 3.12 shows the output SINR of the six antenna arrays in a 

signal scenario consisting of four incident interfering signals for the L l and L2 bands, 

respectively. The A E is operating in simple power minimization mode. The angle 

of arrival of the four interfering signals is marked by a white 'o' w i th a red 'x' in 

the various plots. Notice that the output SINR in the angular region in proximity 

of an interfering signal is quite low, as expected. Furthermore, the output SINR 
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improves as the desired signal moves away .from the interfering signal. Again, note 

that the antenna arrays A2 and A5 have the best performance. Moreover, one observes 

the l imited resolution of the elevation plane for the planar and concave non-planar 

antenna arrays. This is seen by the fact that the nulls along the interfering signal 

directions extend significantly in the elevation plane. Again, the concave non-planar 

antenna arrays yield the worst performance. 

Figures 3.13 and 3.14 shows the output SINR while the A E is operating in beam 

forming / null steering mode for the L l and L2 bands, respectively. A l l other pa­

rameters are the same as Figures 3.11 and 3.12. Again, the same characteristics are 

observed in that the output SINR wi th in the vicinity of the interfering signals is dis­

mal, and i t increases as one moves away f rom interfering signal. Antenna arrays A2 

and A5 yield the best performance, w i t h A5 having significantly better performance 

than A2. Also, w i t h respect to the planar and convex non-planar antenna arrays, one 

observes that the addition of antenna elements allows the array to place more con­

cise nulls along the interfering signal direction leading to an increase in performance. 

However, in the case of the concave non-planar geometry there is not much perfor­

mance difference and they are not performing as well as the other antenna arrays. 

Also, when comparing Figures 3.13 and 3.14 w i t h Figures 3.11 and 3.12, one sees that 

beam forming / null steering has a significant performance advantage. 

3.2.2 Available Angular Region 

Due to the fact that one w i l l not know the direction of the incident interference 

signals, i t is better to evaluate the anti-jam (AJ) performance of the antenna arrays 

using Monte Carlo simulations and examining the mean value. As a result, the average 

available angular region w i l l be the performance metric of choice. The available 

angular region is defined as the port ion of the upper hemisphere over which the 

output SINR exceeds a selected value. The data is obtained by averaging over twenty-

five independent trials, where the interference angle of arrival directions are varied 

randomly f rom one t r i a l to the next. 
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Seven Element A n t e n n a A r r a y s 

Figures 3.15 and 3.16 show the available angular region in the upper hemisphere for 

the three seven element antenna arrays in the presence of one to six interfering signals 

for the L l and L2 bands, respectively. The antenna electronics is operating in the 

simple power minimization mode. I t is important to note that one needs N + l antenna 

elements to null N jammers, and that A J performance degrades w i t h an increase i n 

the number of jammers. Again, the results conclude that antenna array A2 performs 

better than antenna arrays A l and A3. For the L l band, as the number of interfering 

signals increases to six, antenna arrays A l and A3 are performing dramatically worse 

as compared to antenna array A2. I n the case of the L2 band, antenna array A2 st i l l 

performs significantly better; however, the performance improvement is not as much 

as in the L l band. Antenna array A3 exhibits poor performance in both bands. 

Figures 3.17 and 3.18 display the available angular region for the L l and L2 bands, 

respectively, while the antenna electronics is operating in the beam forming / null 

steering mode. A l l other parameters are the same as in Figures 3.15 and 3.16. As 

expected, convex non-planar antenna array A2 has significantly better performance 

than A l and A3. The beam forming / null steering algorithm yields better perfor­

mance than simple power minimization algorithm, and array A3 does not perform as 

well. 

T e n E l e m e n t A n t e n n a A r r a y s 

Figures 3.19 and 3.20 show the available angular region in the upper hemisphere 

for the three ten element antenna arrays for the L l and L2 bands, respectively, in the 

presence of four to nine interfering signals. Everything else is the same as Figures 

3.15 and 3.16. The same exact conclusions drawn above also hold true here and i t 

comes as no surprise that antenna array A5 has far better performance than the other 

antenna arrays w i t h the concave non-planar array yielding the worst performance in 

both the L l and L2 bands. 

Figures 3.21 and 3.22 show the available angular region for the ten element arrays 

for the L l and L2 bands, respectively, in the presence of four to nine interfering 

signals. The antenna electronics is operating in beam forming / null steering mode. 
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As expected, the convex non-planar antenna geometry (antenna array A5) performs 

the best, followed by the planar geometry (antenna array A4) , and then the concave 

non-planar geometry (antenna array A6) . Moreover, i t is shown that beam forming / 

null steering yields significant performance improvement as compared to simple power 

minimization mode. Furthermore, comparing these figures w i t h the seven element 

arrays in Figures 3.17 and 3.18, and comparing performance in the presence of the 

same number of jammers, one observes that the addition of more antenna elements 

leads to an increase in A J performance. 

As a matter of fact, i t is seen for both adaptive algorithms that increasing the 

number of elements f rom seven to ten elements for the convex non-planar geometry 

leads to an improvement in A J performance. This holds true for both the L l and 

L2 bands. The performance improvement is more significant for beam forming / 

null steering. This observation can be made in Tables 3.1 through 3.4 which shows 

the percentage available angular region when the output SINR is -35 dB or more 

in the presence of zero to nine interfering signals for all six antenna arrays. Tables 

3.1 and 3.2 display results while the A E is operating in simple power minimization 

mode, and Tables 3.3 and 3.4 yield results for the beam forming / null steering 

algorithm. In Table 3.1, one observes that antenna array A2 is performing better 

than antenna arrays A l and A3, and antenna array A5 is performing better than 

antenna arrays A4 and A6. Also, i t is seen that performance degrades wi th the 

presence of more interfering signals and one requires N + l antenna elements to nul l 

N interfering signals. The seven element antenna arrays have (near) zero coverage 

of the upper hemisphere in the presence of seven or more interfering signals. The 

addition of elements allows one the capability to null more interfering signals and 

leads to a performance improvement of all three antenna arrays leads in the L l band. 

For the L2 frequency band (Table 3.2), i t is seen that the non-planar convex antenna 

arrays (A2 and A5) have better performance than the planar antenna arrays ( A l 

and A4) and the concave non-planar antenna arrays (A3 and A6) . The addition of 

antenna elements results in a performance increase for the convex non-planar antenna 

array; however, this is not true for the planar and concave non-planar antenna array 

geometries. A n increase in the number of elements results in a larger amount of 
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mutual coupling between the reference element and auxiliary elements causing poorer 

performance when the antenna electronics is operating in simple power minimization 

mode. Comparing performance of the L l (Table 3.1) and L2 (Table 3.2) frequency 

bands, one notices that the convex non-planar antenna arrays have better performance 

in the L l band than in the L2 band. The reason for the performance difference is 

due to the antenna aperture being electrically larger in the L l band. In Tables 

3.3 ( L l band) and 3.3 (L2 band), one observes similar performance characteristics. 

The performance degrades for a more harsh interfering signal environment, and one 

requires N - f l antenna elements to null N interfering signals. Antenna array A2 is 

performing better than antenna arrays A l and A3, and antenna array A5 exhibits 

better performance than antenna arrays A4 and A6. Also, one observes that an 

increase in the number of elements leads to performance improvement for all three 

antenna arrays for both the L l and L2 bands. Furthermore, comparing Tables 3.1 

and 3.2 w i t h Tables 3.3 and 3.4, one observes a significant performance increase when 

the A E is operating in the beam forming / null steering mode over the simple power 

minimization mode. 

3.3 Chapter Summary 

I n this chapter, the A J performance of some planar and non-planar antenna arrays 

at GPS frequencies was discussed. A l l antenna apertures contained similar projected 

area (looking f rom the top). I t was shown that convex non-planar antenna arrays 

have significantly better performance than the planar antenna arrays. Also, concave 

non-planar antenna arrays do not perform as well. Furthermore, one can add more 

elements to convex non-planar antenna arrays to enhance performance and provide the 

capability to null more interfering signals. This is true for simple power minimization 

adaptive antennas as well as beam forming / null steering adaptive antennas in both 

the L l and L2 bands. I t is shown that there is a significant performance advantage 

for the A E to be operating in the beam forming / null steering mode. Therefore, the 

best performance is exhibited by a convex non-planar surface geometry w i t h a larger 

amount of antenna elements and the A E is operating in beam forming / null steering 

mode. The amount of curvature of the convex non-planar surface is investigated next 
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in Chapter 4 for a seven and ten element antenna array. I t w i l l be shown that there 

is a performance advantage for a convex non-planar surface wi th a larger amount of 

curvature. 
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(a) Top Down View (b) Gridded Surface 

Figure 3.1: Antenna Array A l . 

(a) Top Down View (b) Side View (c) Gridded Surface 

Figure 3.2: Antenna Array A2. 

(a) Top Down View (b) Side View (c) Gridded Surface 

Figure 3.3: Antenna Array A3. 
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(a) Top Down View (b) Gridded Surface 

Figure 3.4: Antenna Array A4. 

(a) Top Down View (b) Side View (c) Gridded Surface 

Figure 3.5: Antenna Array A5. 

(a) Top Down View (b) Side View (c) Gridded Surface 

Figure 3.6: Antenna Array A6. 
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(a) A l (b) A4 

(f) A3 (g) A6 

Figure 3.7: Output SINR (dB) of the six antenna arrays in the absence of interference. 
A E is operating in simple power minimization mode. L l frequency band. 
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(a) A l (b) A4 



(a) A l (b) A4 

(f) A3 (g) A6 

Figure 3.9: Output SINR (dB) of the six antenna arrays in the absence of interference. 
A E is operating in beam forming / null steering mode. L l frequency band. 

30 



(a) A l (b) A4 

(f) A3 (g) A6 

Figure 3.10: Output SINR (dB) of the six antenna arrays in the presence of four in­
terfering signals. A E is operating in beam forming / null steering mode. L2 frequency 
band. 
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(a) A l (b) A4 

(f) A3 (g) A6 

Figure 3.11: Output SINR (dB) of the six antenna arrays in the presence of four 
interfering signals. A E is operating in simple power minimization mode. L l frequency 
band. 
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(f) A3 (g) A6 

Figure 3.12: Output SINR (dB) of the six antenna arrays in the presence of four 
interfering signals. A E is operating in simple power minimization mode. L2 frequency 
band. 
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(f) A3 (g) A6 

Figure 3.13: Output SINR (dB) of the six antenna arrays in the presence of four in­
terfering signals. A E is operating in beam forming / null steering mode. L l frequency 
band. 
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(a) A l (b) A4 

(f) A3 (g) A6 

Figure 3.14: Output SINR (dB) of the six antenna arrays in the presence of four in­
terfering signals. A E is operating in beam forming / null steering mode. L2 frequency 
band. 
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Figure 3.15: Performance of seven element antenna arrays in the presence of one 
to six interfering signals. A E is operating in simple power minimization mode. L l 
frequency band. 
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Figure 3.16: Performance of seven element antenna arrays in the presence of one 
to six interfering signals. A E is operating in simple power minimization mode. L2 
frequency band. 
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Figure 3.17: Performance of seven element antenna arrays in the presence of one to 
six interfering signals. A E is operating in beam forming / null steering mode. L l 
frequency band. 
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Figure 3.18: Performance of seven element antenna arrays in the presence of one to 
six interfering signals. A E is operating in beam forming / null steering mode. L2 
frequency band. 
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Figure 3.19: Performance of ten element antenna arrays in the presence of four to 
nine interfering signals. A E is operating in simple power minimization mode. L l 
frequency band. 
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Figure 3.20: Performance of ten element antenna arrays in the presence of four to 
nine interfering signals. A E is operating in simple power minimization mode. L2 
frequency band. 
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Figure 3.21: Performance of ten element antenna arrays in the presence of four to 
nine interfering signals. A E is operating in beam forming / null steering mode. L l 
frequency band. 
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Figure 3.22: Performance of ten element antenna arrays in the presence of four to 
nine interfering signals. A E is operating in beam forming / null steering mode. L2 
frequency band. 
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No. of 
interfering 

signals 

Antenna Array No. of 
interfering 

signals A l A2 A3 A4 A5 AG 
0 75.80 98.82 51.85 80.66 95.60 56.40 
1 64.77 88.32 45.68 71.45 87.57 49.08 
2 •55.82 80.06 41.26 63.73 81.13 44.94 
3 45.40 74.98 37.76 56.81 77.53 39.85 
4 36.48 70.59 35.42 50.71 74.73 37.05 
5 31.56 66.28 35.01 44.45 70.70 34.54 
6 31.90 65.17 36.70 36.91 65.85 33.59 
7 0.67 0.00 1.13 35.41 64.20 33.45 
8 0.00 0.00 0.00 35.11 60.11 33.36 
9 0.00 0.00 0.00 40.50 58.85 34.42 

Table 3.1: Percentage of available angular region when SINR threshold is greater than 
-35 dB. A E is operating in simple power minimization mode. L l frequency band. 

No. of 
interfering 

signals 

Antenna Array No. of 
interfering 

signals A l A2 A3 A4 A5 A6 
0 81.10 92.39 50.05 72.24 91.06 50.43 
1 71.88 80.41 53.12 62.15 83.26 46.69 
2 66.25 72.75 49.61 57.11 75.38 43.81 
3 57.56 66.54 46.78 50.66 71.55 40.81 
4 53.48 58.96 44.38 48.15 67.13 39.53 
5 47.84 58.40 42.70 43.62 61.71 36.69 
6 47.98 58.10 40.62 42.10 57.64 35.36 
7 0.19 0.00 4.05 41.58 55.20 33.18 
8 0.00 0.00 0.00 40.76 54.18 30.24 
9 0.00 0.00 0.00 41.03 52.75 27.21 

Table 3.2: Percentage of available angular region when SINR threshold is greater than 
-35 dB. A E is operating in simple power minimization mode. L2 frequency band. 
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No. of 
interfering 

signals 

Antenna Array No. of 
interfering 

signals A l A2 A3 A4 A5 A6 
0 100.00 100.00 100.00 100.00 100.00 100.00 
1 98.33 99.28 97.65 98.75 99.46 97.97 
2 95.04 98.20 93.86 96.99 98.62 94.96 
3 90.05 96.49 88.21 94.82 97.59 91.35 
4 80.02 93.04 78.19 91.24 95.60 85.24 
5 60.48 86.60 62.71 87.15 93.42 78.94 
6 31.97 65.19 36.81 81.37 90.70 70.96 
7 0.68 0.00 1.14 74.06 86.62 62.52 
8 0.00 0.00 0.00 61.42 78.63 51.37 
9 0.00 0.00 0.00 40.75 58.91 35.10 

Table 3.3: Percentage of available angular region when SINR threshold is greater than 
-35 dB. A E is operating in beam forming / null steering mode. L l frequency band. 

No. of Antenna Array 
interfering 

signals A l A2 A3 A4 A5 A6 
0 100.00 100.00 100.00 100.00 100.00 100.00 
1 98.15 98.96 97.11 98.44 99.21 97.44 
2 95.01 97.24 92.71 96.00 97.99 93.79 
3 90.62 94.81 86.58 93.08 96.48 89.10 
4 82.45 89.66 77.90 88.29 93.88 82.19 
5 69.76 80.95 66.30 83.32 91.12 74.63 
6 48.07 58.19 40.72 76.71 87.26 64.90 
7 0.19 0.00 4.06 69.58 82.30 55.96 
8 0.00 0.00 0.00 58.39 72.05 45.16 
9 0.00 0.00 0.00 41.37 52.83 27.96 

Table 3.4: Percentage of available angular region when SINR threshold is greater than 
-35 dB. A E is operating in beam forming / null steering mode. L2 frequency band. 
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C H A P T E R 4 

A N T E N N A C U R V A T U R E E F F E C T S 

This chapter investigates the effects of surface curvature of the non-planar convex 

antenna arrays on their A J performance. The study w i l l consist of seven and ten 

element antenna arrays going f rom a planar geometry of zero curvature up through 

a six-inch high surface w i t h curvature relative to a sphere of radius six inches. A l l 

antenna apertures studied wi l l have similar projected area looking f rom the top. Due 

to the fact that all apertures have similar projected area, increasing the amount of 

curvature wi l l yield more surface area, allowing one to physically distribute more 

antenna elements to the antenna array. The results of this chapter w i l l conclude that 

there is an improvement in A J performance as the amount of curvature is increased 

for the convex non-planar surface. 

The chapter first presents the effect i t has on seven element antenna arrays, where 

all of the antennas have a single reference element located at the center or top of the 

surface, and the remaining six elements are uniformly distributed along the periphery 

of the surface. Next, i t examines the curvature effect on ten element antenna arrays. 

The ten element antenna arrays have a two ring distribution, where i t has the reference 

element located at the center of the surface, three elements located on an inner ring, 

and the six other elements located along an outer ring on the bot tom of the surface. 

4.1 Seven Element Antenna Arrays 

The antenna arrays range f rom zero curvature up to a curvature relative to a 

sphere of radius six inches. A l l antenna arrays have seven elements and identical 

distributions w i t h the reference element located at the center of the surface and the 
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remaining six elements uniformly distributed along the periphery. Antenna array A l 

(Figure 4.1), introduced in Chapter 3, is a planar geometry which has zero curvature. 

Antenna Array B l (Figure 4.2) is a one inch high geometry w i t h curvature relative to 

a sphere of 18.5 inches. Antenna array B2 (Figure 4.3) is a two inch high geometry 

possessing curvature relative to a sphere of ten inches. Antenna array A2 (Figure 4.4), 

also introduced in Chapter 3, is a three inch high geometry w i t h curvature relative 

to a sphere of 7.5 inches. Furthermore, antenna array B3 (Figure 4.5) has curvature 

relative to a sphere of 6.5 inches and is four inches high. Finally, antenna array B4 

(Figure 4.6) is a spherical surface of radius six inches and is deemed the six inch high 

geometry. 

Figures 4.13 and 4.14 show the A J performance of the antenna arrays for the L l 

and L2 bands, while the antenna electronics is operating in the simple-power mini­

mization mode. One to six interfering signals are incident upon the antenna arrays. 

For the L l Band, increasing the curvature yields a performance improvement, initially, 

for a given number of interfering signals; however, the performance improvement sat­

urates around the three inch geometry resulting in antenna arrays A2, B3, and B4 

having similar performance. One reason for the performance to saturate at the L l 

band, which has a wavelength of approximately 7.49 inches (19.03 cm), is that as 

the curvature is increasing the inter-element spacing is becoming larger resulting in 

sympathetic nulls. In the L2 band, the A J performance is constantly increasing as the 

curvature of the antenna array is increasing, resulting in the six inch high geometry 

(antenna array B4) having the best overall performance. Since the L2 band has a 

larger wavelength (9.61 inches or 24.42 cm), i t is not affected by sympathetic nulls 

f r o m the further inter-element spacing. 

Furthermore, one can refer to Tables 4.1 and 4.2 corresponding to the L l and L2 

band, respectively, to get a more exact view of the percentage available angular region 

for which the output SINR is greater than -35 dB while the A E is operating in the 

simple power minimization mode. In Table 4.1, one observes that the performance 

increases as the amount of curvature increases up to four interfering signals. For the 

incident signal scenario of five and six jammers, the performance steadily increases 

and then saturates at the three inch high geometry (antenna array A2) . Therefore, 
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antenna arrays A2, B3, and B4 have similar performance. However, for the L2 band 

(Table 4.2), the A J performance steadily increases as the amount of surface curvature 

increases for all given incident signal scenarios, thus, validating the advantage of a 

convex non-planar antenna array wi th large curvature. 

The performance of the six antenna arrays while the A E is operating in the beam 

forming / null steering mode for the L l and L2 bands can be viewed in Figures 4.15 

and 4.16. A l l other parameters are the same as in Figures 4.13 and 4.14. I n the L l 

band, one observes similar results when the A E is operating in simple power minimiza­

t ion mode. Init ially, increasing the surface curvature f rom planar results in improved 

A J performance, however, the performance begins to saturate around the three inch 

high geometry and antenna arrays A2, B3, and B4 have similar performance. On 

the contrary, one observes that the performance wi th in the L2 band is consistently 

improving as the amount of curvature increases as i t did in the case of simple power 

minimization. Thus, i t is shown that performance does improve as the curvature 

increases and that the six inch high geometry has the best overall performance. 

Tables 4.3 and 4.4 are given below to examine the percentage where the output 

SINR exceeds -35 dB for the L l and L2 bands, respectively. In the L l band (Table 

4.3), one notices that the performance is increasing for a larger amount of curvature 

for five or less interfering signals. When the antenna arrays are fu l ly constrained (six 

interfering signals), performance ini t ia l ly increases and saturates at the three-inch 

high geometry and antenna arrays A2, B3, and B4 yield similar performance. Table 

4.4 displays the results for the L2 band, and one sees the same result as the simple 

power minimization case. Increasing the amount of curvature of the convex non-

planar surface yields better A J performance for a given number of interfering signals. 

Comparing Tables 4.3 and 4.4 w i t h Tables 4.1 and 4.2, as expected, one observes a 

significant performance advantage to the antenna electronics operating in the beam 

forming / null steering mode. 

4.2 Ten Element Antenna Arrays 

The curvature effect studied in this section has the same parameters as Section 

4.1. However, all antenna arrays have ten elements and the two ring distribution as 
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described above. They have the reference element located at the center of the surface, 

three elements located on an inner ring of a given height, and the six remaining 

elements located along an outer ring on the bot tom of the surface. Antenna array 

A4 (Figure 4.7), introduced in Chapter 3 is a planar geometry. Antenna array B5 

(Figure 4.8) is a one inch high geometry w i t h an inner ring height of 0.75 inches. Note 

the inner ring height is the height to the center of the inner ring elements. Antenna 

array B6 (Figure 4.9) is a two inch high geometry wi th an inner ring height of 1.46 

inches. Moreover, the three inch high geometry, antenna array A5 (Figure 4.10), 

introduced in Chapter 3 has an inner right that is 2.12 inches high. Antenna array 

B7 (Figure 4.11) has an inner ring height of 2.81 inches and is the four inch high 

geometry. Finally, antenna array B8 (Figure 4.12) is the six inch high geometry w i t h 

an inner ring height of 4.24 inches. 

Figures 4.17 and 4.18 show the A J performance of the six ten element antenna 

arrays for the L l and L2 bands, respectively, in the presence of four to nine interfering 

signals. The A E is operating in the simple power minimization mode. One observes 

similar results relative to the seven element antenna arrays. For the L l band, per­

formance begins to increase as the amount of curvature increases init ially; however, 

i t begins to saturate at the three-inch high geometry (antenna array A5) . As a re­

sult, the three-inch high (antenna array A5) , four-inch high (antenna array B7) and 

six-inch high geometries (antenna array B8) exhibit similar performance. In the L2 

band, increasing the amount of curvature always results in improved A J performance. 

Therefore, i f one wishes to obtain the best overall A J performance, one should select 

a convex non-planar surface w i t h large curvature. 

The percentage available angular region of the ten element antenna arrays for 

which the output SINR is more than -35 dB in the presence of zero to nine interfering 

signals is given below in Tables 4.5 and 4.6. The antenna electronics is operating in 

simple power minimization mode. For the L l band, the conclusions drawn above are 

further supported in Table 4.5 in that for a given number of jammers, increasing the 

amount of surface curvature f rom planar yields improved performance ini t ial ly and 

then trails off around the three inch high geometry (antenna array A5) . In Table 

4.6 one observes increasing the amount of surface curvature consistently results in 
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improved A J performance wi th the six inch high geometry (antenna array B8) having 

superior performance compared to the other antenna arrays. 

Figures 4.19 and 4.20 display the A J performance while the antenna electronics 

is operating in the beam forming / null steering mode for the L l and L2 bands, 

respectively. A l l other parameters are the same as Figures 4.17 and 4.18. For the 

L l band, one notices that performance is improved as the curvature is increased up 

to L-2 interfering signals, where L is the number of antenna elements. However, 

for nine interfering signals the performance ini t ia l ly increases as curvature increases 

and saturates around the three inch high geometry (antenna array A5) . I n Figure 

4.20, one see that the A J performance increases as the amount of surface curvature 

increases for all given incident signal scenarios. Therefore, we have came to the exact 

same conclusion as the case of simple power minimization, that increasing the amount 

of curvature wi l l result in improved A J performance. Thus, in our case the six-inch 

high geometry yields the best overall A J performance. 

Tables 4.7 and 4.8 further support this conclusion, where the A E is operating in the 

beam forming / null steering mode. A l l other parameters are the same as in Tables 4.5 

and 4.6. In Table 4.7, one observes that performance increases as curvature increases 

up to eight interfering signals. For nine interfering signals, performance increases up 

to the four inch high geometry (antenna array B7); however, antenna arrays A5, B7, 

and B8 result in similar performance. For the L2 band (Table 4.8), one again see that 

performance increases as the amount of surface curvature increases for a given number 

of interfering signals. Also, by comparing Tables 4.7 and 4.8 against Tables 4.5 and 

4.6 one easily observes the significant performance improvement one can obtain by 

the A E operating in the beam forming / null steering mode, as expected. Therefore, 

i t is highly recommended to operate in the beam forming / null steering mode. 

4.3 Chapter Summary 

In this chapter, i t has been shown that for a convex non-planar surface, increasing 

the amount of curvature of the surface w i l l result in an improvement i n the A J 

performance for both seven and ten element antenna arrays. As a result, the six-inch 

high geometry exhibited the best overall A J performance. Therefore, in the next 
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chapter we w i l l further investigate the six-inch high geometry. We wi l l determine 

how many elements one can add to the antenna array as well as the best distr ibution 

for those elements. Also, i t is important to note that beam forming / null steering 

significantly outperforms simple power minimization, and i t is highly recommended 

to operate in beam forming / null steering mode. 
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(a) Top Down View (b) Gridded Surface 

Figure 4.1: Antenna Array A l . 
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Figure 4.2: Antenna Array B l . 

(a) Top Down View (b) Side View (c) Gridded Surface 

Figure 4.3: Antenna Array B2. 

52 



(a) Top Down View (b) Side View (c) Gridded Surface 

Figure 4.4: Antenna Array A2. 

(a) Top Down View (b) Side View (c) Gridded Surface 

Figure 4.5: Antenna Array B3. 

(a) Top Down View (b) Side View (c) Gridded Surface 

Figure 4.6: Antenna Array B4. 
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(a) Top Down View (b) Gridded Surface 

Figure 4.7: Antenna Array A4. 

Figure 4.8: Antenna Array B5. 

(a) Top Down View (b) Side View (c) Gridded Surface 

Figure 4.9: Antenna Array B6. 
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(a) Top Down View (b) Side View (c) Gridded Surface 

Figure 4.10: Antenna Array A5. 

(a) Top Down View (b) Side View (c) Gridded Surface 

Figure 4.11: Antenna Array B7. 

(a) Top Down View (b) Side View (c) Gridded Surface 

Figure 4.12: Antenna Array B8. 
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Figure 4.13: Performance of seven element antenna arrays in the presence of one 
to six interfering signals. A E is operating in simple power minimization mode. L l 
frequency band. 
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Figure 4.14: Performance of seven element antenna arrays in the presence of one 
to six interfering signals. A E is operating in simple power minimization mode. L2 
frequency band. 
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Figure 4.15: Performance of seven element antenna arrays in the presence of one to 
six interfering signals. A E is operating in beam forming / null steering mode. L l 
frequency band. 
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Figure 4.16: Performance of seven element antenna arrays in the presence of one to 
six interfering signals. A E is operating in beam forming / null steering mode. L2 
frequency band. 
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Figure 4.17: Performance of ten element antenna arrays in the presence of four to 
nine interfering signals. A E is operating in simple power minimization mode. L l 
frequency band. 
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Figure 4.18: Performance of ten element antenna arrays in the presence of four to 
nine interfering signals. A E is operating in simple power minimization mode. L2 
frequency band. 
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Figure 4.19: Performance of ten element antenna arrays in the presence of four to 
nine interfering signals. A E is operating in beam forming / null steering mode. L l 
frequency band. 
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Figure 4.20: Performance of ten element antenna arrays in the presence of four to 
nine interfering signals. A E is operating in beam forming / null steering mode. L2 
frequency band. 
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N o nf 

mf pTTPrmo' 
Antenna Array N o nf 

mf pTTPrmo' 

A l R I B2 A2 R4 
o 75.80 89.16 97.22 98.82 97.77 96.38 
1 64.77 72.50 83.46 88.32 89.10 90.04 
2 55.82 59.52 74.09 80,0C 82.08 83.40 
3 45.40 53.38 68.96 74.98 78.01 78.69 
4 36.48 45.95 62.94 70.59 73.29 73.74 
5 31.56 41.89 57.53 66.28 68.54 68.08 
6 31.90 45.23 57.82 65.17 66.83 63.60 

Table 4.1: Seven element antenna arrays. Percentage of available angular region when 
SINR threshold is greater than -35 dB. A E is operating in simple power minimization 
mode. L l frequency band. 

No. of 
interfering 

signals 

Antenna Array No. of 
interfering 

signals A l B l B2 A2 B3 B4 
0 81.10 84.00 88.09 92.39 94.74 98,57 
1 71.88 72.91 75.74 80.41 84.85 92.41 
2 66.25 65.66 68.16 72.75 77.86 86.80 
3 57.56 58.95 01,51 66.54 72.28 82.69 
4 53.48 52.26 54.55 58.96 65.49 78.29 
5 47.84 49.76 53.50 58.40 02,55 72.16 
6 47.98 47.63 51.32 58.10 63.14 66.52 

Table 4.2: Seven element antenna arrays. Percentage of available angular region when 
SINR threshold is greater than -35 dB. A E is operating in simple power minimization 
mode. L2 frequency band. 
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N o of 

nit prfpn n cr 
i l l l f d i C i iiif-, 

ai nrn Q 1 o 

Antenna Array N o of 

nit prfpn n cr 
i l l l f d i C i iiif-, 

ai nrn Q 1 o A l RI R2 A2 R4 
0 100.00 100.00 100.00 100.00 100.00 100.00 
1 98.33 98.82 99.04 99.28 99.45 99.64 
2 95.04 96.90 97.60 98.20 98.61 99.08 
3 90.05 93.07 95.37 96.49 97.18 98.18 
4 80.02 85.57 90.58 93.04 94.64 95.89 
5 60.48 72.50 81.84 86.60 88.58 89.49 
6 31.97 45.31 57.85 65.19 66.84 63.64 

Table 4.3: Seven element antenna arrays. Percentage of available angular region 
when SINR threshold is greater than -35 dB. A E is operating in beam forming / null 
steering mode. L l frequency band. 

No. of 
interfering 

signals 

Antenna Array No. of 
interfering 

signals A l B l B2 A2 B3 B4 
0 100.00 100.00 100.00 100.00 100.00 100.00 
1 98.15 98.51 98.7:5 98.96 99.10 99.48 
2 95.01 95.76 96.5:5 97.24 97.68 98.51 
3 90.62 91.74 93.56 94.81 95.60 97.19 
4 82.45 84.93 87.54 89.66 91.28 94.10 
5 69.76 72.01 76.22 80.95 84.14 88.72 
6 48.07 47.66 51.36 58.19 63.18 66.54 

Table 4.4: Seven element antenna arrays. Percentage of available angular region 
when SINR threshold is greater than -35 dB. A E is operating in beam forming / null 
steering mode. L2 frequency band. 
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No. of Antenna Array 
interfering 

signals A4 B5 B6 A5 B7 B8 
0 80.66 89.03 93.68 95.60 94.93 94.66 
1 71.45 79.45 84.96 87.57 87.23 88.80 
2 63.73 71.39 78.07 81.13 81.16 82.81 
3 56.81 66.71 74.21 77.53 77.98 78.52 
4 50.71 61.81 70.92 74.73 75.28 74.77 
5 44.45 56.34 66.71 70.70 72.40 70.87 
6 36.91 48.31 59.87 65.85 69.36 68.03 
7 35.41 45.18 58.54 64.20 66.37 65.28 
8 35.11 43.88 55.12 60.11 63.27 63.37 
9 40.50 46.40 53.49 58.85 60.40 58.80 

Table 4.5: Ten element antenna arrays. Percentage of available angular region when 
SINR threshold is greater than -35 dB. A E is operating in simple power minimization 
mode. L l frequency band. 

No. of Antenna Array 
interfering 

signals A4 B5 B6 A5 B7 B8 
0 72.24 87.50 91.28 91.06 92.80 96.29 
1 62.15 77.10 81.71 83.26 86.17 90.70 
2 57.11 69.94 73.54 75.38 78.90 85.28 
3 50.66 04.11 68.80 71.55 75.19 81.55 
4 48.15 59.43 63.89 67.13 71.13 79.31 
5 43.02 52.99 57.65 61.71 66.80 75.56 
6 42.10 48.75 53.76 57.64 03.79 73.48 
7 41.58 48.65 52.69 55.20 59.96 70.56 
8 40.76 47.20 51.46 54.18 58.29 66.36 
9 41.03 45.03 49.42 52.75 56.04 62.02 

Table 4.6: Ten element antenna arrays. Percentage of available angular region when 
SINR threshold is greater than -35 dB. A E is operating in simple power minimization 
mode. L2 frequency band. 

66 



No. of 
interfering 

signals 

Antenna Array No. of 
interfering 

signals A4 B5 B6 A5 B7 B8 
0 100.00 100.00 100.00 100.00 100.00 100.00 
1 98.75 99.02 99.25 99.46 99.58 99.76 
2 96.99 97.64 98.16 98.62 98.93 99.42 
3 94.82 95.88 96.78 97.59 98.09 98.92 
4 91.24 92.98 94.36 95.60 96.59 98.11 
5 87.15 89.79 91.73 93.42 94.79 96.99 
6 81.37 85.55 88.32 90.70 92.57 95.50 
7 74.06 79.28 83.63 86.62 88.74 92.25 
8 61.42 67.57 74.49 78.63 81.38 84.80 
9 40.75 46.54 53.59 58.91 60.47 58.83 

Table 4.7: Ten element antenna arrays. Percentage of available angular region when 
SINR threshold is greater than -35 dB. A E is operating in beam forming / null steering 
mode. L l frequency band. 

No. of 
interfering 

signals 

Antenna Array No. of 
interfering 

signals A4 B5 B6 A5 B7 B8 
0 100.00 100.00 100.00 100.00 100.00 100.00 
1 98.44 98.74 99.01 99.21 99.38 99.69 
2 96.00 96.82 97.50 97.99 98.35 99.14 
3 93.08 94.47 95.70 96.48 97.06 98.37 
4 88.29 90.51 92.53 93.88 94.92 96.94 
5 83.32 86.57 89.29 91.12 92.57 95.34 
6 76.71 81.08 84.63 87.26 89.37 93.15 
7 69.58 74.70 78.93 82.30 84.71 89.19 
8 58.39 64.09 68.21 72.05 75.42 81.99 
9 41.37 45.88 49.47 52.83 56.08 62.05 

Table 4.8: Ten element antenna arrays. Percentage of available angular region when 
SINR threshold is greater than -35 dB. A E is operating in beam forming / null steering 
mode. L2 frequency band. 
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C H A P T E R 5 

SIX I N C H H I G H G E O M E T R I E S 

The purpose of this chapter is to determine how to distribute the antenna elements 

given a non-planar convex hemispherical surface of radius six inches. Three types 

of surface distributions are investigated. A one ring uniform distribution w i t h a 

reference elements placed at the top of the hemisphere and the remaining elements 

distributed uniformly along the bot tom of the hemisphere. A two ring distr ibution 

w i t h a reference element placed at the top of the hemisphere wi th the remaining 

elements located along both the bot tom or outer ring of the hemisphere and on an 

inner ring of height 4.24 inches. Moreover, a second two ring distribution wi l l also be 

studied where there is an inner ring height of 3 inches and and the reference element 

and remaining elements are distributed similarly as above. I t w i l l be shown that i t is 

best to distribute the antenna elements along two rings w i t h an inner ring height of 

4.24 inches. Also, i f the A E is operating in simple power minimization mode, there is 

a point of diminishing returns in A J performance that is reached at twelve elements. 

However, i f the antenna electronics is operating in beam forming / null steering mode, 

the addition of more elements always leads to an improvement in A J performance. 

Therefore, one should fill the antenna array aperture as f u l l as possible to at tain the 

best performance. 

5.1 Seven Element Antenna Arrays 

First, to set a baseline for the six inch high surface, five seven element antenna 

arrays are investigated first. Figures 5.1 through 5.5 show the various element dis­

tributions. Antenna array B4 shown in Figure 5.1 below has seven antenna elements 
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wi th the reference element placed at the top of the hemisphere and the remaining el­

ements distributed uniformly along the bot tom of the hemisphere. Antenna array C l 

(Figure 5.2) is a seven element antenna array wi th the reference element placed at the 

top of the hemisphere and the remaining six elements distributed non-uniformly on 

the bo t tom of the hemisphere. Moreover, antenna arrays C2 (Figure 5.3), C3 (Figure 

5.4), and C4 (Figure 5.5) are two ring distributions where the reference element is 

distributed at the top of the hemisphere three elements distributed similarly along 

the bo t tom of the hemisphere and three elements w i th different distributions along 

an inner ring of height 4.24 inches. 

We found that all five antenna arrays have similar performance. Thus for this 

seven element non-planar antenna, element distribution does not have any significant 

effect on its A J performance. As an illustration. Figures 5.22 and 5.23 show the 

performance of the five antenna arrays at L l and L2 frequencies, respectively, in the 

presence of one to six interfering signals when the A E is operating in the simple power 

minimization mode. I t is important to note that as there is an increase in the number 

of jammers the overall performance of the antenna arrays begins to degrade. One can 

see that all five of the antenna arrays have similar performance. 

Tables 5.1 and 5.2 show the percentage available angular region for the L l and L2 

bands, respectively, when the output SINR threshold is greater than -35 dB for a given 

number of jammers ranging f rom an interference free environment up to six interfering 

signals. The antenna electronics is operating in simple power minimization mode. 

I t is seen in both Tables 5.1 and 5.2 that the two one ring distributions (antenna 

arrays B4 and C l ) yield better performance over the three two ring distributions 

(antenna arrays C2, C3, and C4) for five or less interfering signals. For six interfering 

signals, all antenna arrays have similar performance wi th antenna array C4 exhibiting 

a marginal advantage. Also, i t is noted that antenna array C2 exhibits the worst 

overall performance. 

Figures 5.24 and 5.25 show the performance of the five antenna arrays when the 

A E is operating in a beam forming/nul l steering mode. Again, one can draw the 

same conclusions that all five antennas have similar A J performance. I f one compares 

the results i n these figures w i t h those in Figures 5.22 and 5.23, he or she can notice 
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that beam forming/nul l steering A E performs much better than the A E operating in 

simple power minimization mode, as expected. This is especially true for five or less 

incident jammers. For six incident interfering signals, A E operating in the two modes 

have similar performance because the system is fu l ly constrained in that the antenna 

has only seven elements. 

Tables 5.3 and 5.4 show the percentage available angular region when the A E is 

operating in beam forming / null steering mode at the L l and L2 carrier frequencies, 

respectively. A l l other parameters are the same as in Tables 5.1 and 5.2. I t is shown 

that for both the L l and L2 bands that all five antenna arrays have very similar 

performance for a given number of interfering signals. However, when the array is 

operating in a harsh signal environment and is fu l l y constrained, antenna array C4 

yields slightly better performance. 

5.2 One Ring Uniform Distributions 

As a result of observing that the element distr ibution of the seven element array 

did not have a significant effect on its A J performance, we further investigate the 

effect of increasing elements for the one ring uniform distribution. Figures 5.6 though 

5.9 show the studied antenna arrays, which have the reference element located at 

the top of the hemisphere and the remaining elements distributed uniformly along 

the bo t tom of the hemisphere. Antenna arrays C5, C6, C7, and C8 have 8, 9, 10 

and 11 elements, respectively, and are shown below in Figures 5.6, 5.7, 5.8, and 5.9, 

respectively. The results for antenna array B4 are also included. 

I t was found that increasing the number of elements in the antenna array signif­

icantly improves the A J performance of the antenna array. This is especially true 

when the antenna array is operating in beam forming / null steering mode. As an 

illustration, figures 5.26 and 5.27 show the performance of the five antenna arrays at 

L l and L2 frequencies, respectively, in the presence of five to ten interfering signals 

when the A E is operating in the simple power minimization mode. The performance 

of the antenna arrays degrades w i t h an increase in the number of interfering signals. 

Note that in the presence of N jammers, one needs at least N + l antenna elements for 
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good A J performance. Also, increasing the number of antenna elements to greater 

than N + l elements results in improved A J performance. 

Tables 5.5 through 5.6 show the percentage available angular region at the L l and 

L2 carrier frequencies, respectively, for the when the output SINR exceeds a threshold 

of -35 dB in the presence of zero to ten interfering signals. The same conclusions can 

be drawn f rom both tables in that the the percentage available angular region degrades 

as one increases the number of interfering signals for a given antenna array. Also, one 

observes that performance increases when the number of antenna elements increases 

for a given number of jammers. 

Figures 5.28 and 5.29 show the performance of the five antenna arrays at L l and 

L2 frequencies, respectively, in the presence of five to ten interfering signals when the 

A E is operating in beam forming / null steering mode. The same conclusions are 

drawn in this w i t h simple power minimization; however, the improvement of 

the beam forming / null steering antenna arrays is much more significant, as expected. 

One st i l l needs N + l antenna elements to null N jammers and performance degrades 

as the number of interfering signals increases. However, the performance degrades 

much slower than in simple power minimization. Also, as pointed out above, one 

can increase the number of antenna elements to make up for the loss in performance. 

Therefore, one should increase the amount of antenna elements in the array resulting 

in improved A J performance. 

Tables 5.7 and 5.8 show the percentages when the A E is operating in beam form­

ing / null steering mode in the L l and L2 bands, respectively. The same conclusions 

can be drawn here as for simple power minimization that an increase in the number 

of jammers leads to a decrease in the the percentage available angular region. More­

over, one observes that performance improved when the number of antenna elements 

increases for a given number of jammers. Comparing Tables 5.7 and 5.8 w i t h Tables 

5.5 and 5.6 one again observes that a significant performance improvement can be 

achieved when A E is operating in the beam forming / null steering mode. 
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5.3 Comparison of One Ring and Two Ring Distributions 

One has observed that increasing the number of antenna elements yields improved 

A J performance; however, now the question becomes how to distribute these elements. 

Due to the amount of surface area resulting f rom the six inch high surface, one may 

physically place more antenna elements on the surface and in different distributions. 

As a result, we distributed a number of antenna elements along an inner ring height of 

4.24 inches. The antenna arrays introduced in this section have nine, ten, and eleven 

elements respectively w i t h a two ring distribution and compared to the nine (antenna 

array C6), ten (antenna array 07) , and eleven (antenna array 08) element one ring 

distributions. Antenna array 09 (Figure 5.10) has nine elements w i t h the reference 

element distributed at the top of the hemisphere, two elements distributed along 

the inner ring and the remaining six elements placed along the outer ring along the 

bot tom of the hemisphere. Antenna array B8 (Figure 5.11), introduced in Ohapter 

4 has ten elements w i t h one element at the top, three elements along the inner r ing 

and six elements along the outer ring. Likewise, antenna array 010 (Figure 5.12) has 

eleven elements w i t h one at the top, three along the inner ring and seven along the 

outer ring. 

From the results i t shows that as the array begins to become fu l ly constrained (as 

N jammers approaches N + l antenna elements), the two ring distribution is superior 

compared to the one ring distribution. Therefore, one should distribute the antenna 

elements for the six inch high surface on two rings. This result is observed in the 

following figures. Figures 5.30 and 5.31 show the performance of the six antenna 

arrays at L l and L2 frequencies, respectively, in the presence of five to ten interfering 

signals when the A E is operating in the simple power minimization mode. One 

observes that two ring distr ibution is outperforming the one ring distribution as the 

array becomes fu l ly constrained. For the case of eight jammers at L l and L2 antenna 

array 09 is performing better than antenna array 06. Likewise, for eight and nine 

jammers, antenna array B8 outperforms 07 and the same for antenna array 010 

outperforming 08 up to ten interfering signals. 
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The percentage of available angular region for which the output SINR exceeds a 

threshold of -35 dB in the presence of zero to ten interfering signals are tabulated 

below. Tables 5.9 and 5.10 show the percentages when the A E is operating in simple 

power minimization mode at the L l and L2 carrier frequencies, respectively. In Table 

5.9, one notices that the one ring distributions are performing better than their two 

ring complements up to L-3 interfering signals, where L is the number of antenna 

elements. Antenna array C6 is performing better than antenna array C9 for six or 

less interfering signals, antenna array C7 outperforms antenna array B8 for eight or 

less jammers, and antenna array CS yields better performance compared to antenna 

array CIO for nine or less interfering signals. However, for the more harsh signal 

environments (L-2 interfering signals and above) the two ring distributions yield better 

performance. Similar results are observed for the L2 band (Table 5.10), in that the 

two ring distributions have better performance as the number of interfering signals 

increases and begins to completely constrain the antenna array. 

Figures 5.32 and 5.33 show the performance of the six antenna arrays at L l and 

L2 frequencies, respectively, in the presence of five to ten interfering signals when the 

A E is operating in the beam forming / null steering mode. One observes the same 

results as for the simple power minimization case. The two ring distribution of a 

given number of antenna elements is performing better than its one ring counterpart 

in both the L l and L2 bands. 

Tables 5.11 and 5.12 show the percentages when the A E is operating in beam 

forming / null steering mode at the L l and L2 carrier frequencies, respectively. A l l 

other parameters are the same as in Tables 5.9 and 5.10. In both tables, one ob­

serves that the two ring distribution of a select number of antenna elements yields 

improved performance over the one ring distribution for a given number of jammers. 

Antenna array 09 outperforms antenna array C6, antenna array BS performs better 

than antenna array 07, and antenna array CIO exhibits better performance than an­

tenna array 08. Therefore, i f the A E is operating in the beam forming / null steering 

mode i t is better to distribute the elements in a two ring distribution to yield perfor­

mance improvement for antennas operating in any interference signal environment. 

As expected, beam forming / null steering significantly outperforms simple power 
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minimization and can be seen by comparing Tables 5.11 and 5.12 wi th Tables 5.9 and 

5.10. 

5.4 Two Ring Distributions 

I t has been established that distributing the antenna elements on two rings yields 

better performance. Now we are going to study the effect increasing the number of 

antenna elements and see i f there is a point of diminishing returns. Also, we are 

going to investigate this effect as well as studying the effect of moving the inner 

ring further away f rom the reference element to an inner ring height of three inches. 

The effect of moving the inner ring elements further away f rom the reference element 

results in less mutual coupling between the reference element and inner ring elements. 

When the antenna array A E is operating in simple power minimization mode, in the 

absence of interference, the antenna response of the antenna array is the response of 

the reference element due to fact i t is the only element remaining on w i t h available 

degrees of freedom to null incoming interference signals incident upon the array. 

Therefore, for the simple power minimization case the antenna array should perform 

better in the presence of a low number of interfering signals. However, as the antenna 

array approaches a complete constraint due to the number of interfering signals, this 

may or may not result in improved performance. First, we are going to study the two 

ring distributions w i t h an inner ring height of 4.24 inches. 

5.4.1 Inner Ring Height of 4.24 Inches 

The antenna arrays introduced in this section are shown below in Figures 5.13 

through 5.16. Antenna arrays C9, B8, and CIO f rom the previous section w i l l also 

be included in drawing the conclusion. Again all antenna arrays in this section have 

a reference element placed at the top of the hemisphere and the remaining elements 

placed both along an inner ring wi th height of 4.24 inches and on the outer ring along 

the bot tom of the hemisphere. Antenna array C l l (Figure 5.13) has twelve elements 

w i t h one element at the top, three elements along the inner ring and eight elements 

along the outer ring. Antenna array C12 (Figure 5.14) has thirteen elements, one at 

the top, four along the inner ring and eight elements on the outer ring. Antenna array 
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CIS (Figure 5.15) has fourteen elements w i th one at the top, five along the inner ring 

and eight distributed along the outer ring. Finally, antenna array C14 (Figure 5.16) 

has fifteen elements w i t h one at the top, six along the inner ring and eight elements 

along the outer ring. 

For the results, the same rules apply as before that one needs N + l antenna el­

ements to null N jammers, and that performance degrades w i t h an increase in the 

number interfering signals. However, there is not always an improvement in A J per­

formance wi th an increase in the number of antenna elements w i th respect to the 

A E operating in simple power minimization mode. There is s t i l l always an improve­

ment in A J performance wi th an increase in the number of antenna elements w i t h 

respect to A E operating in the beam forming / null steering mode. When the A E is 

operating in simple power minimization mode for N + l or more antenna elements in 

the array, the A J performance is more or less independent of the number of antenna 

elements. Figures 5.34 and 5.35 illustrate this below, and show the performance of 

the seven antenna arrays at L l and L2 frequencies, respectively, in the presence of 

seven to fourteen interfering signals when the A E is operating in the simple power 

minimization mode. As one can see, the A J performance is similar for both the L l 

and L2 frequency bands as long as one has N + l antenna elements. Actually one also 

observes in the figures that before the array is becoming fu l ly constrained, antenna 

array C l l is outperforming antenna arrays wi th a larger number of elements. 

This result can further be seen in Tables 5.13 and 5.14, which show the percentage 

available angular region for the L l and L2 bands, respectively, when the A E is operat­

ing in simple power minimization mode. As one increases the number of elements, the 

A J performance improves for nine or less interfering signals up to the twelve elements 

(antenna array C l l ) and then i t saturates and actually becomes worse for a greater 

number of elements. For ten and eleven interference signals, the antenna arrays that 

are able to operate i n the signal environment have similar performance. The point 

of diminishing returns w i t h the A E operating in simple power minimization mode 

is achieved for twelve elements. I n Table 5.14, one observes similar results in that 

the antenna array C l l exhibits the best performance up to eleven interfering signals, 

except for ten interfering signals. One observes that the performance degrades for a 
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greater number of antenna elements, and this result is due to a larger number of an­

tenna elements being distributed on the inner ring causing a larger amount of mutual 

coupling w i t h the reference element. 

Figures 5.36 and 5.37 show the performance of the seven antenna arrays at L l and 

L2 frequencies, respectively, in the presence of seven to fourteen interfering signals 

when the A E is operating in the beam forming / null steering mode. From the 

figure results, one observes that increasing the number of antenna elements yields 

a significant A J performance improvement. As expected, the antenna arrays w i t h 

the A E operating in the beam forming / null steering mode perform much better as 

compared to the A E operating in the simple power minimization mode. The available 

angular region increases by at least 15% over simple power minimization. This leads 

one to the conclusion that as long as the A E is operating in the beam forming / null 

steering mode one can keep increasing the number of elements resulting in improved 

A J performance. Note the addition of more antenna elements w i l l result in an increase 

of mutual coupling effects; however, the antenna array is st i l l constrained to point a 

beam in the direction of the desired signal and one should st i l l see an improvement 

in the A J performance. 

Again, for completeness, the tables indicating the percentage of available angular 

region for which the output SINR exceeds a threshold of -35 dB are included. Tables 

5.15 and 5.16 show the percentages when the A E is operating in beam forming / null 

steering mode at the L l and L2 carrier frequencies, respectively. In both tables, one 

observes similar results characteristic of the A E operating in the beam forming / null 

steering mode, in that the addition of antenna elements always leads to improved A J 

performance. Therefore, one can pack the antenna aperture as much as possible w i t h 

antenna elements to achieve a greater attainable performance. As a result, the l imi t ing 

factors of attainable A J performance are the physical size of the individual antenna 

elements and hardware cost (antenna and antenna electronics). I t is important to note 

that the physical size of the individual antenna elements can be reduced by selecting 

a higher dielectric constant substrate [2]. However, reducing the size of individual 

elements results in poorer performance w i t h respect to bandwidth as well as antenna 

gain. 
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5.4.2 Inner Ring Height of 3 Inches 

A l l of the antenna array included in this section have a single reference element lo­

cated at the top of the hemisphere, w i t h remaining elements distributed along a three 

inch high inner ring or along the outer ring along the bot tom of the hemisphere. The 

antenna arrays are shown in Figures 5.17 through 5.21. Antenna arrays Cl5(Figure 

5.17), C16(Figure 5.18),C17(Figure 5.19), C18(Figure 5.20), and C19(Figure 5.21) 

have nine, ten, eleven, twelve, and thirteen elements, respectively, and have their 

elements distributed exactly the same as their two ring counterparts wi th an inner 

ring height of 4.24 inches. 

The performance results are very similar compared to the previous two ring dis­

tributions above. When the A E is operating in simple power minimization mode, 

shown in Figures 5.38 and 5.39 for the L l and L2 bands, respectively, in the presence 

of five to twelve interfering signals, that as long as the antenna array contains more 

than N + l antenna elements the A J performance is more or less independent of the 

number of elements. A l l antenna arrays have similar performance. 

Tables 5.17 and 5.18 show the percentage of available angular region for which 

the output SINR exceeds -35 dB for the L l and L2 bands, respectively, when the 

A E is operating in simple power minimization mode. For the L l band (Table 5.17), 

the A J performance minimally increases f rom nine up to twelve elements for a given 

number of interfering signals. I t is also shown that antenna array C18 has better 

or similar performance compared to antenna array C19 up to ten interfering signals. 

For eleven interfering signals, antenna array C19 performs better than antenna array 

CIS, which is fu l ly constrained. This same results holds true in Table 5.18 (L2 

band). Performance slightly improves for a given number of interfering signals when 

the number of antenna elements is increased f rom nine to twelve elements. The 

thirteen element antenna array C19 has similar performance to the antenna array 

CIS. Therefore, one would select the antenna array wi th less number of elements that 

does not make a difference in performance. Furthermore, i t was mentioned previously 

that moving the elements along the inner r ing further away f rom the would provide 

less mutual coupling for a low number of interfering signals and this result can be 

observed in comparing Tables 5.17 and 5.20 w i t h its two ring complement viewed 
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in Tables 5.13 and 5.16. This does show that there is improved performance in the 

simple power minimization case for a low number of interfering signals; however, we 

are more concerned of how the antenna arrays perform in harsh signal environments. 

The instance when the A E is operating in beam forming / null steering mode, 

shown in Figures 5.40 and 5.41 for the L l and L2 bands, respectively, in the presence 

of five to twelve interfering signals. There is a significant advantage as one increases 

the number of elements. In fact, i t is a two fold advantage, where one possesses the 

ability to null more jammers while yielding improved A J performance. 

Tables 5.19 and 5.20 show the percentage available angular region results when 

the antenna electronics is operating in beam forming / null steering mode. A l l other 

parameters are the same as in Tables 5.17 and 5.18. As expected, i t is shown that 

increasing the number of elements leads to a greater performance improvement. Also, 

as expected, the beam forming / null steering mode outperforms simple power min­

imization and can be seen by comparing Tables 5.19 and 5.20 wi th Tables 5.17 and 

5.18. 

5.5 Comparison of 12 Element Antenna Arrays 

I n order to get a better idea of how the two antenna arrays match up w i t h respect 

to A J performance, we w i l l compare the performance of the different twelve element 

antenna array two ring distributions. This w i l l be antenna arrays C l l (Figure 5.13) 

w i t h an inner ring height of 4.24 inches and C18(Figure 5.20) w i t h an inner ring 

height of three inches. 

Figures 5.42 and 5.43 compare the performance of antenna arrays C l l and C18 

at L l and L2 carrier frequencies, respectively. The A E is operating in simple power 

minimization mode and in the presence of six to eleven interfering signals. Note that 

at L l carrier frequency the two antenna arrays have similar performance; whereas, at 

L2 carrier frequency, antenna array C l l has slightly better performance. Therefore, 

the two ring distr ibution w i t h an inner ring height of 4.24 inches exhibits better A J 

performance, and one should select this distr ibution i f one wants to achieve maximum 

A J performance. 
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This result is further seen in Tables 5.21 and 5.22, which show the percentage 

available angular region for which the output SINR exceeds -35 dB when the antenna 

is operating in the presence of zero to eleven interfering signals. The A E is operating 

in simple power minimization mode. In Table 5.21, one sees that antenna array 

CIS has slightly better performance up to eight interfering signals and including ten 

interfering signals. However, as the antenna arrays are fu l ly constrained antenna 

array C l l has better performance. For the L2 band (Table 5.22), antenna array C l l 

has better performance for any given number of interfering signals. Therefore, one 

should select antenna array C l l to provide maximum A J performance operating in 

harsh signal environments. 

Figures 5.44 and 5.45 show the performance of antenna arrays C l l and CIS when 

the A E is operating is the beam forming / null steering mode. A l l other parameters 

are the same as in Figures 5.42 and 5.43, respectively. Again f rom the results in 

the two figures, one can conclude that antenna array C l l is a better choice. This 

is especially true for operation in the L2 band. Therefore, i t is shown that antenna 

array C l l and the two ring distr ibution w i t h inner ring height of 4.24 inches is the 

recommended configuration. 

This result is further supported by Tables 5.23 and 5.24, which show the perfor­

mance percentages when the A E is operating in the beam forming / null steering 

mode at the L l and L2 carrier frequencies, respectively. I t is shown that antenna 

array C l l outperforms CIS in every incident interfering signal scenario. Thus, vali­

dating the advantage to distr ibuting the elements in a two ring configuration w i t h an 

inner ring height of 4.24 inches. 

5.6 Comparison of 7 and 12 Element Antenna Arrays 

We w i l l now show the the performance advantage one can obtain f rom going f rom 

a seven element to twelve element antenna array. The seven element antenna array 

selected is antenna array C4 (Figure 5.5), which had the best A J performance in the 

presence of six interfering signals, although i t was very slight. Moreover, antenna 

array C l l ( F i g u r e 5.13) is the selected twelve element antenna array. 
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The results are shown for the antenna arrays operating in simple power mini­

mization mode in the presence of three to eight interfering signals in Figures 5.46 

and 5.47 for the L l and L2 bands, respectively. From the figures, as expected, one 

can see that antenna array C l l outperforms antenna array C4. This is especially 

true in the presence of seven and eight interfering signals. However, i t should be 

noted that antenna array C4 only has seven elements yielding the capability to null 

six interfering signals; whereas, antenna array C l l has twelve elements. Taking this 

into account, the performance improvement when the antenna is operating in simple 

power minimization mode is not very significant unless one is operating in a severe 

interference environment. 

Tables 5.25 and 5.26 have been provided showing the percentage available angular 

region for the L l and L2 bands, respectively, for which the output SINR is greater 

than -35 dB in the presence of zero to eleven interfering signals. The A E is operating 

in the beam forming / null steering mode. One notices that in the presence of inter­

fering signals there is only a slight advantage achieved w i t h increasing the number 

of elements f rom seven to twelve w i t h only approximately 7% performance advan­

tage at the L l band and approximately 4% performance advantage at the L2 band 

in the presence of six interfering signals. Therefore, the addition of elements allows 

one to nul l more interfering signals; however, there is not a significant performance 

advantage that is achieved. 

However, as one uses the A E operating in the beam forming / null steering mode 

there is a significant advantage in moving f rom seven to twelve elements as the the 

seven element antenna array becomes constrained. This result can be viewed in 

Figures 5.48 and 5.49 where the antenna electronics is operating in the beam forming 

/ null steering mode in the presence of three to eight interfering signals at the L l and 

L2 bands, respectively. There is approximately a 30% increase in A J performance for 

six interfering signals. Therefore, i t is highly recommended to operate in the beam 

forming / null steering mode. 

Tables 5.27 and 5.28 are for the A E operating in beam forming / null steering 

mode. A l l other parameters are the same as in Tables 5.25 and 5.26. One views the 

significant improvement in A J performance that is achieved when the seven element 
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antenna array becomes fu l ly constrained and the twelve element array stil l has spare 

degrees of freedom. In the presence of six interfering signals, twelve element antenna 

array C l l has an approximate 3 1 % performance advantage at the L l band and 27% 

performance advantage at the L2 band over seven element antenna array C4. There­

fore, there is a two fold advantage by operating in the beam forming / null steering 

mode. One contains the capability to null more interfering signals, and one provides 

a significant improvement in A J performance. 

5.7 Chapter Summary 

In this chapter, i t was shown that for a six inch high hemispherical surface i t is 

best to distribute the antenna elements along two rings, w i th the inner ring being 4.24 

inches high, and the outer ring encircling the bot tom of the hemisphere. I t was also 

shown that one can improve the performance of the antenna arrays by increasing the 

number of elements. However, when the antenna electronics is operating in simple 

power minimization mode, one observed that the point of diminishing returns was at 

about twelve elements and antenna array C l l is the best choice. On the other hand, 

i f the antenna array can be used w i t h A E operating in beam forming / null steer­

ing mode, there is significant performance improvement provided by increasing the 

number of antenna elements. I t was concluded that one should pack the aperture as 

much as possible wi th antenna elements leading to further performance improvement. 

Moreover, the l imi t ing factors of attainable A J performance are the physical size of 

the individual antenna elements and hardware cost (antenna and antenna electron­

ics) . I t is important to note that the physical size of the individual antenna elements 

can be reduced by selecting a higher dielectric constant substrate [2]. However, re­

ducing the size of individual elements results in poorer performance wi th respect to 

bandwidth as well as antenna gain. We have studied the six inch high geometry, 

which is a possibility for ship-board application; however, i t would not be desirable 

to the aerodynamic profile of an aircraft due to its physical size. Next, we w i l l study 

the performance of a two inch high surface, which maintains a curvature relative to 

a spherical surface of radius ten inches. As we saw previously, this surface w i l l not 
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yield the performance of a six inch high geometry; however, i t could st i l l yield better 

performance than a planar geometry. 
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(a) Top Down View (b) Side View 

Figure 5.1: Antenna Array B4. 

(a) Top Down View (b) Side View 

Figure 5.2: Antenna Array C l . 

(a) Top Down View (b) Side View 

Figure 5.3: Antenna Array C2. 
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(a) Top Down View (b) Side View (c) Gridded Surface 

Figure 5.4: Antenna Array C3. 

(a) Top Down View (b) Side View (c) Gridded Surface 

Figure 5.5: Antenna Array C4. 

(a) Top Down View (b) Side View (c) Gridded Surface 

Figure 5.6: Antenna Array C5. 
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(a) Top Down View (b) Side View (c) Gridded Surface 

Figure 5.7: Antenna Array C6. 

(a) Top Down View (b) Side View (c) Gridded Surface 

Figure 5.8: Antenna Array C7. 

(a) Top Down View (b) Side View (c) Gridded Surface 

Figure 5.9: Antenna Array C8. 
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1.75' . Patch 

(a) Top Down View (b) Side View 

Figure 5.10: Antenna Array C9. 

(a) Top Down View (b) Side View 

Figure 5.11: Antenna Array B8. 

Figure 5.12: Antenna Array CIO. 
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(a) Top Down View (b) Side View (c) Gridded Surface 

Figure 5.13: Antenna Array C l l . 

(a) Top Down View (b) Side View (c) Gridded Surface 

Figure 5.14: Antenna Array C12. 

(a) Top Down View (b) Side View (c) Gridded Surface 

Figure 5.15: Antenna Array CIS. 
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(a) Top Down View (b) Side View (c) Gridded Surface 

Figure 5.16: Antenna Array C14. 

(a) Top Down View (b) Side View (c) Gridded Surface 

Figure 5.17: Antenna Array C15. 

(a) Top Down View (b) Side View (c) Gridded Surface 

Figure 5.18: Antenna Array C16. 
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Figure 5.19: Antenna Array C17. 

(a) Top Down View (b) Side View (c) Gridded Surface 

Figure 5.20: Antenna Array CIS. 

(a) Top Down View (b) Side View (c) Gridded Surface 

Figure 5.21: Antenna Array C19. 
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Figure 5.22: Performance of seven element antenna arrays in the presence of one 
to six interfering signals. A E is operating in simple power minimization mode. L l 
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six interfering signals. A E is operating in beam forming / null steering mode. L2 
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in the presence of five to ten interfering signals. A E is operating in simple power 
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Figure 5.28: Performance of antenna arrays distributed uniformly along one ring in 
the presence of five to ten interfering signals. A E is operating in beam forming / null 
steering mode. L l frequency band. 
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Figure 5.29: Performance of of antenna arrays distributed uniformly along one ring 
in the presence of five to ten interfering signals. A E is operating in beam forming / 
null steering mode. L2 frequency band. 
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Figure 5.31: Performance of antenna arrays w i t h one and two ring distributions 
in the presence of five to ten interfering signals. A E is operating in simple power 
minimization mode. L2 frequency band. 
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Figure 5.32: Performance of antenna arrays w i t h one and two ring distributions in 
the presence of five to ten interfering signals. A E is operating in beam forming / null 
steering mode. L l frequency band. 
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Figure 5.33: Performance of of antenna arrays w i t h one and two ring distributions in 
the presence of five to ten interfering signals. A E is operating in beam forming / null 
steering mode. L2 frequency band. 
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Figure 5.34: Performance of antenna arrays w i t h elements distributed on two rings 
w i t h an inner ring height of 4.24 inches in the presence of seven to fourteen interfering 
signals. A E is operating in simple power minimization mode. L l frequency band. 
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Figure 5.34 continued. 
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Figure 5.35: Performance of antenna arrays w i t h elements distributed on two rings 
wi th an inner ring height of 4.24 inches in the presence of seven to fourteen interfering 
signals. A E is operating in simple power minimization mode. L2 frequency band. 
(Continued on the following page). 
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Figure 5.35 continued. 
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Figure 5.36: Performance of antenna arrays w i t h elements distributed on two rings 
w i t h an inner ring height of 4.24 inches in the presence of seven to fourteen interfering 
signals. A E is operating in beam forming / null steering mode. L l frequency band. 
(Continued on the following page). 
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Figure 5.36 continued. 
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Figure 5.37: Performance of antenna arrays w i t h elements distributed on two rings 
w i t h an inner ring height of 4.24 inches in the presence of seven to fourteen interfering 
signals. A E is operating in beam forming / null steering mode. L2 frequency band. 
(Continued on the following page). 
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Figure 5.37 continued. 
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Figure 5.38: Performance of antenna arrays w i t h elements distributed on two rings 
w i t h an inner ring height of three inches in the presence of five to twelve interfering 
signals. A E is operating in simple power minimization mode. L l frequency band. 
(Continued on the following page). 
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Figure 5.38 continued. 
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Figure 5.39: Performance of antenna arrays w i t h elements distributed on two rings 
w i t h an inner ring height of three inches in the presence of five to twelve interfering 
signals. A E is operating in simple power minimization mode. L2 frequency band. 
(Continued on the following page). 
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Figure 5.39 continued. 
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Figure 5.40: Performance of antenna arrays w i t h elements distributed on two rings 
w i t h an inner ring height of three inches in the presence of five to twelve interfering 
signals. A E is operating in beam forming / null steering mode. L l frequency band. 
(Continued on the following page). 
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Figure 5.40 continued. 
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Figure 5.41: Performance of antenna arrays w i t h elements distributed on two rings 
w i t h an inner ring height of three inches in the presence of five to twelve interfering 
signals. A E is operating in beam forming / null steering mode. L2 frequency band. 
(Continued on the following page). 
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Figure 5.41 continued. 

117 



6-Jammers 7-Jammers 

I 100 

U 80 

60 
ro 
cn 
c 

< 
OJ 40 

n 
ro 
ro 20 
> < 

— u n 
— C18 

-45 -40 -35 -30 
SINR threshold [dB] 

-25 

| 100 
Ut 
(31 
fc 80 
kp 
ro 
Ut 60 
c 
< 
0) 40 

ro ro > < 
55 

20 

— C 1 8 

-45 -40 -35 -30 
SINR threshold [dB] 

-25 

8-Jammers 9-Jammers 
| ioo 
'ut 
0) 
fc 80 

ro > < 

60 
ro 
Ut 
c < 
0) 40 
2 
ro 20 

0 
-45 

C18 , 

-40 -35 -30 
SINR threshold [dB] 

-25 

§ 100 
ut 
fc 80 

60 
TO 
cn 
c 
< 
oj 40 

re 
re 20 
> 
< 0 

-45 -40 -35 -30 -25 
SINR threshold [dB] 

10-Jammers 11-Jammers 
| ioo 
'ut 
0) 
fc 80 
_ro 

ut 
c 
< 
QJ 

ro 
'ro 
> 

< 

60 

40 

20 

0 
-45 

^—^— r m 

-40 -35 -30 
SINR threshold [dB] 

-25 

100 c 
o 
'5) 
fc 80 

60 
ro 
3 
cn C < 
QJ 40 2 ro 
ro 20 
> < 

— C l l 
— C18 

-45 -40 -35 -30 
SINR threshold [dB] 

-25 

Figure 5.42: Performance of twelve element antenna arrays in the presence of six to 
eleven interfering signals. A E is operating in simple power minimization mode. L l 
frequency band. 
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Figure 5.43: Performance of twelve element antenna arrays in the presence of six to 
eleven interfering signals. A E is operating in simple power minimization mode. L2 
frequency band. 
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Figure 5.44: Performance of twelve element antenna arrays in the presence of six to 
eleven interfering signals. A E is operating in beam forming / null steering mode. L l 
frequency band. 

120 



6-Jammers 7-Jammers 
100 

80 

60 

40 

20 

100 c o 
0) 
U. 80 

60 
c < 
0) 40 

re 20 

0 
-45 

100 c o 
o 
fc 80 

60 3 
D) 
C 

< 
0) 40 

XI 

TO 
re 20 > < 

0 
-45 

C18 

-45 -40 -35 -30 

SINR threshold [dB] 

8-Jammers 

-25 

C18 

-40 -35 -30 

SINR threshold [dB] 

10-Jammers 

-25 

C18 

-40 -35 -30 
SINR threshold [dB] 

-25 

c o 

re > < 

c o 

re 

100 
O ) 
<u 
fc 80 
L . 
TO 
I 60 

< 
« 40 
2 
re 
re 20 
> 
< 

0 
-45 

C18 

100 c o 
'5) 
0) 
fc 80 

60 
TO 
3 

e 
< 
oj 40 
2 
re 20 

0 
-45 

100 

0) 
fc 80 

60 3 ) c < 
OJ 40 

n 
JS 
re 20 

0 
-45 

-40 -35 -30 

SINR threshold [dB] 

9-Jammers 

-25 

C18 

-40 -35 -30 

SINR threshold [dB] 

11-Jammers 

-25 

— — C 1 8 

-40 -35 -30 
SINR threshold [dB] 

-25 

Figure 5.45: Performance of twelve element antenna arrays in the presence of six to 
eleven interfering signals. A E is operating in beam forming / null steering mode. L2 
frequency band. 
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Figure 5.46: Performance of seven and twelve element antenna arrays in the presence 
of three to eight interfering signals. A E is operating in simple power minimization 
mode. L l frequency band. 
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Figure 5.47: Performance of seven and twelve element antenna arrays in the presence 
of three to eight interfering signals. A E is operating in simple power minimization 
mode. L2 frequency band. 
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Figure 5.48: Performance of seven and twelve element antenna arrays in the presence 
of three to eight interfering signals. A E is operating in beam forming / null steering 
mode. L l frequency band. 
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Figure 5.49: Performance of seven and twelve element antenna arrays in the presence 
of three to eight interfering signals. A E is operating in beam forming / null steering 
mode. L2 frequency band. 
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INO. OI 

ci rrn Q 1 c 

Antenna Array INO. OI 

ci rrn Q 1 c Cd 
n 96.38 96.29 93.77 95.34 95.46 
1 90.04 89.73 84.98 85.96 85.78 
2 83.40 83.53 78.46 78.02 78.96 
3 78.69 78.79 72.91 73.81 75.92 
4 73.74 75.31 66.94 68.33 69.13 
5 68.08 66.94 63.28 66.53 66.24 
6 63.60 60.15 59.81 65.60 65.69 

Table 5.1: Seven element antenna arrays. Percentage of available angular region when 
SINR threshold is greater than -35 dB. A E is operating in simple power minimization 
mode. L l frequency band. 

No. of Antenna Array 
interfering 

signals B4 C l C2 C3 C4 
0 98.57 98.15 95.92 96.76 96.76 
1 92.41 91.88 87.47 87.50 87.62 
2 86.80 86.96 82.25 79.91 81.01 
3 82.69 83.59 76.83 77.44 77.31 
4 78.29 80,05 71.26 73.15 73.20 
5 72.16 72.35 65.74 68.96 71.32 
6 66.52 64.22 62.45 66.83 68.11 

Table 5.2: Seven element antenna arrays. Percentage of available angular region when 
SINR threshold is greater than -35 dB. A E is operating in simple power minimization 
mode. L2 frequency band. 
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INO. 01 Antenna Array 
l l l l c l I c I l l l g 

R4 
U 4: 

CP, CA 
n 100.00 100.00 100.00 100.00 100.00 
1 99.64 99.61 99.63 99.64 99.63 
2 99.08 99.02 98.86 98.99 98.98 
3 98.18 98.04 97.40 97.88 97.80 
4 95.89 95.69 94.20 95.09 95. (ir, 
5 89.49 87.60 86.61 89.84 90.16 
6 63.64 60.18 59.83 65.62 65.71 

Table 5.3: Seven element antenna arrays. Percentage of available angular region 
when SINR threshold is greater than -35 dB. A E is operating in beam forming / null 
steering mode. L l frequency band. 

No. of Antenna Array 
interfering 

signals m C l C2 C3 C4 
0 100.00 100.00 100.00 100.00 100.00 
1 99.48 99.43 99.50 99.48 99.45 
2 98.51 98.47 98.31 98.53 98.49 
3 97.19 97.12 96.38 96.98 97.08 
4 94.10 93.95 92.75 93.94 93.77 
5 88.72 87.44 85.30 88.05 87.83 
6 66.54 64.26 62.47 66.85 68.11 

Table 5.4: Seven element antenna arrays. Percentage of available angular region 
when SINR threshold is greater than -35 dB. A E is operating in beam forming / null 
steering mode. L2 frequency band. 
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INJn nf INO. OI 
1 Vl 1 OT" 1 OT' 1 n CT 
l l l l c l I t ; I I H ^ , 

Antenna Array INJn nf INO. OI 
1 Vl 1 OT" 1 OT' 1 n CT 
l l l l c l I t ; I I H ^ , 

RzL Pfi r s 
v̂ O n Qfi 

yo.oo 
Qfi yu.zu Qfi ^n yu.ou Qfi Q̂ yu.oy 

1 
X 

Qn Ql ^7 Q9 "̂Q yz.oy Q1^ n^i yo.uo 
O 8^ /in oo.oo vn oo. / u 87 1 ^ O ( . ro ss n^ oo.uo 
Q O 78 fiQ 

(o.uy 
sn ^ f i si ns Oi .uo 89 Q̂ oz.oy 84 44 

A 7fi 71 77 QQ 
( / .yu 

78 sn / o.ou sn 49 
OU.̂ iZ 

O fi8 ns fiQ S^ uy .oo 70 9fi / z. zu 74 97 7fi ^ f i 

63.60 00.23 69.95 71.41 73.79 
7 0.00 58.79 02.30 66.99 69.77 
8 0.00 0.00 56.88 60.54 66.66 
9 0.00 0.00 O.OO 52.71 61.22 

10 0.00 0.00 ().()() 0.00 49.35 

Table 5.5: One ring uniform distribution. Percentage of available angular region when 
SINR threshold is greater than -35 dB. A E is operating in simple power minimization 
mode. L l frequency band. 

No. of 
interfering 

signals 

Antenna Array No. of 
interfering 

signals B4 C5 C6 C7 08 
0 98.57 98.52 98.48 98.40 98.27 
1 92.41 92.76 93.45 94.16 94.25 
2 86.80 88.08 89.13 90.02 90.13 
3 82.69 84.62 85.66 86.59 87.26 
4 78.29 80.45 81.84 83.50 84.90 
5 72.16 74.10 76.14 77.83 80.01 
6 66.52 70.15 72.37 75.02 77.15 
7 0.00 03.27 66.84 70.25 73.13 
8 0.00 0.00 57.61 63.28 67.67 
9 0.00 0.00 0.00 52.84 57.63 

10 0.00 0.00 0.00 0.00 49.79 

Table 5.6: One ring uniform distribution. Percentage of available angular region when 
SINR threshold is greater than -35 dB. A E is operating in simple power minimization 
mode. L2 frequency band. 
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N r . rvf IN O. OI Antenna Array 
U i l t i l l c l l l l g , 

cl rrn ci I c vyU P 7 PS 

n 
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i no nn inn nn 
iUU.UU 

i nn nn 
iUU.UU 
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iUU.UU 

inn nn 
iUU.UU 1 

± 
QQ 
yy .04: 

QQ fifi yy.uo QQ fiS yy.uo 00 70 yy. / u 00 71 yy. ( i 
9 QQ ns yy.uo QQ 1 fi yy. i u QQ 1 8 

yy. i o 
QQ 91 
yy .z i 

00 9fi yy.zo 
Q O Q8 1 8 

yo. i o 
Q8 /I Q8 ^ 

yo.oo 
OS ^0 
yo.oy 

08 fiQ 
yo.oy Qt; 8Q 

yo.oy 
07 9 1 
y (.z^i 

ov ^n y i .ou Q7 7^ 
y (. i o 

07 87 
y / .o i r: o SQ 4Q oy .^y Q4 fil y^i.ui Qfi n^ yu.uo Qfi ^9 yu.oz Qfi SzL yu.OT: 

u 63.64 87.33 93.11 94.70 95.50 
7 0.00 58.81 83.18 90.32 92.85 
8 0.00 0.00 56.90 79.41 88.35 
9 0.00 0.00 0.00 52.74 76.91 

10 0.00 0.00 0.00 0.00 49.45 

Table 5.7: One ring uniform distribution. Percentage of available angular region 
when SINR threshold is greater than -35 dB. A E is operating in beam forming / null 
steering mode. L l frequency band. 

No. of Antenna Array 
interfering 

signals B4 05 06 07 08 
0 100.00 100.00 100.00 100.00 100.00 
1 99.48 99.53 99.57 99.61 99.64 
2 98.51 98.69 98.82 98.98 99.08 
3 97.19 97.52 97.78 98.12 98.39 
4 94.10 95.50 96.07 96.70 97.27 
5 88.72 92.86 94.06 95.15 96.09 
6 66.54 86.65 90.42 92.89 94.41 
7 0.00 63.31 81.52 88.22 91.11 
8 0.00 0.00 57.66 79.50 86.13 
9 0.00 0.00 0.00 52.90 74.07 

10 0.00 0.00 0.00 0.00 19.85 

Table 5.8: One ring uniform distribution. Percentage of available angular region 
when SINR threshold is greater than -35 dB. A E is operating in beam forming / null 
steering mode. L2 frequency band. 
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Nn nf 

c:i trn a l e 

Antenna Array Nn nf 

c:i trn a l e (17 C R (IQ R8 c m 
n Qfi 95 Qfi 5Q Q5 fi9 
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C/H:. UU 

Q5 ^7 
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JL 
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04.uo 81 (18 O T I . T C T C 77 94 78 ^ s i ^n 
O J- .ou A 77 QD 

1 1 . C/U 
i o.ou a o 79 9fi 1 z. zu 74 77 78 n j 

/ O.U4: 79 90 74 97 / u.ou fiQ 94 
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70 87 
i U. O / 

7^ Ql 
69.95 71.41 73.79 67.61 68.03 70.08 

7 62.30 66.99 69.77 64.75 65.28 67.32 
8 56.88 60.54 66.66 59.79 63.37 64.54 
9 0.00 52.71 01.22 0.00 58.80 62.57 

10 0.00 0.00 49.35 0.00 0.00 60.72 

Table 5.9: Comparison of one and two ring distributions. Percentage of available 
angular region when SINR threshold is greater than -35 dB. A E is operating in simple 
power minimization mode. L l frequency band. 

No. of Antenna Array 
interfering 

signals C6 C7 C8 C9 B8 CIO 
0 98.48 98.40 98.27 97.43 96.29 95.00 
1 93.45 94.16 94.25 90.40 90.70 88.69 
2 89.13 90.02 90.13 83.99 85.28 83.88 
3 85.66 86.59 87.26 80.63 81.55 81.21 
4 81.84 83.50 84.90 76.59 79.31 77.88 
5 76.14 77.83 80.01 71.78 75.56 73.85 
6 72.37 75.02 77.15 69.28 73.48 69.68 
7 66.84 70.25 73.13 66.55 70.50 00.39 
8 57.61 63.28 67.67 61.72 00.30 64.11 
9 O.OO 52.84 57.63 0.02 62.02 62.26 

10 0.00 0.00 49.79 0.00 0.00 56.85 

Table 5.10: Comparison of one and two ring distributions. Percentage of available 
angular region when SINR threshold is greater than -35 dB. A E is operating in simple 
power minimization mode. L2 frequency band. 
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93.11 94.70 95.50 93.85 95.50 96.38 
7 83.18 90.32 92.85 86.35 92.25 94.26 
8 56.90 79.41 88.35 62.07 84.80 91.10 
9 0.00 52.74 76.91 1.29 58.83 84.01 

10 0.00 0.00 49.45 0.05 0.00 62.25 

Table 5.11: Comparison of one and two ring distributions. Percentage of available 
angular region when SINR threshold is greater than -35 dB. A E is operating in beam 
forming / null steering mode. L l frequency band. 

No. of 
interfering 

signals 

Antenna Array No. of 
interfering 

signals C6 C7 C8 C9 B8 C10 
0 100.00 100.00 100.00 100.00 100.00 100.00 
1 99.57 99.61 99.64 99.63 99.69 99.00 
2 98.82 98.98 99.08 99.07 99.14 99.17 
3 97.78 98.12 98.39 98.15 98.37 98.49 
4 96.07 96.70 97.27 96.57 96.94 97.29 
5 94.06 95.15 96.09 94.40 95.34 96.00 
6 90.42 92.89 94.41 91.53 93.15 94.02 
7 81.52 88.22 91.11 84.45 89.19 91.33 
8 57.66 79.50 86.13 62.74 81.99 87.20 
9 0.00 52.90 74.07 0.02 62.05 79.12 

10 0.00 0.00 49.85 0.00 0.00 57.64 

Table 5.12: Comparison of one and two ring distributions. Percentage of available 
angular region when SINR threshold is greater than -35 dB. A E is operating in beam 
forming / null steering mode. L2 frequency band. 
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No. of Antenna Array 
interfering 

signals C9 B8 CIO C l l C12 C13 C14 
0 95.62 94.66 95.37 94.07 94.40 94.49 94.36 
1 87.95 88.80 89.32 89.42 88.82 88.69 88.12 
2 81.47 82.81 84.08 84.36 82.90 82.46 82.45 
3 77.24 78.52 81.50 81.17 79.31 79.79 78.49 
4 72.26 74.77 78.04 77.97 76.52 76.07 74.93 
5 69.24 70.87 73.91 75.07 72.56 73.10 71.13 
6 67.61 68.03 70.08 72.27 70.41 69.43 67.61 
7 64.75 65.28 67.32 68.94 67.16 66.46 65.03 
8 59.79 63.37 64.54 65.04 63.83 63.14 62.66 
9 0.00 58.80 62.57 63.64 63.19 60.95 59.82 

10 0.00 0.00 60.72 60.29 60.43 57.98 56.15 
11 0.00 0.00 0.00 58.08 58.16^ 56.94 53.07 
12 0.00 0.00 0.00 0.00 56.67 53.80 48.69 
13 0.00 0.00 0.00 0.00 0.00 50.56 47.53 
14 0.00 0.00 0.00 0.00 0.00 0.00 16.60 

Table 5.13: Two ring distribution w i t h an inner ring height of 4.24 inches. Percent­
age of available angular region when SINR threshold is greater than -35 dB. A E is 
operating in simple power minimization mode. L l frequency band. 
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No. of 
interfering 

signals 

Antenna Array No. of 
interfering 

signals C9 B8 CIO C l l C12 C13 C14 
0 97.43 96.29 95.00 96.29 95.08 94.74 92.69 
1 90.40 90.70 88.69 91.09 88.77 88.96 87.16 
2 83.99 85.28 83.88 86.29 83.38 83.64 82.33 
3 80.63 81.55 81.21 83.42 79.95 80.20 79.01 
4 76.59 79.31 77.88 79.53 70.07 76.61 76.23 
5 71.78 75.56 73.85 75.68 71.76 72.18 71.20 
6 69.28 73.48 69.68 72.09 68.30 68.57 67.24 
7 66.55 70.56 66.39 70.32 65.09 66.14 64.66 
8 61.72 66.36 64.11 68.01 63.74 64.63 62.49 
9 0.02 62.02 62.26 64.48 62.14 61.59 59.98 

10 0.00 0.00 56.85 60.47 60.50 59.24 58.09 
11 0.00 0.00 5.34 56.99 56.13 56.47 55.51 
12 0.00 0.00 0.00 3.65 54.98 53.29 51.41 
13 0.00 0.00 0.00 2.51 4.79 50.35 49.03 
14 0.00 0.00 0.00 0.00 2.37 7.18 45.01 

Table 5.14: Two ring distribution w i t h an inner ring height of 4.24 inches. Percent­
age of available angular region when SINR threshold is greater than -35 dB. A E is 
operating in simple power minimization mode. L2 frequency band. 
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No. of Antenna Array 
interfering 

signals C9 B8 CIO C l l C12 C13 C14 
0 100.00 100.00 100.00 100.00 100.00 100.00 100.00 
1 99.73 99.76 99.79 99.79 99.80 99.82 99.82 
2 99.36 99.42 99.46 99.48 99.53 99.58 99.58 
3 98.78 98.92 99.05 99.05 99.15 99.21 99.26 
4 97.85 98.11 98.42 98.48 98.62 98.75 98.78 
5 96.42 96.99 97.61 97.73 98.04 98.18 98.24 
6 93.85 95.50 96.38 96.65 97.18 97.36 97.48 
7 86.35 92.25 94.26 95.00 95.81 96.12 96.36 
8 02.07 84.80 91.10 92.61 93.93 94.54 94.91 
9 1.29 58.83 84.01 88.51 91.32 92.28 92.69 
10 0.05 0.00 02.25 81.40 87.67 89.45 90.27 
11 0.00 0.00 4.15 59.17 80.47 85.25 87.31 
12 0.00 0.00 0.10 3.23 58.37 76.53 80.71 
13 0.00 0.00 0.00 0.00 3.34 54.12 70.32 
14 0.00 0.00 0.00 0.00 0.00 3.34 49.64 

Table 5.15: Two ring distribution wi th an inner ring height of 4.24 inches. Percent­
age of available angular region when SINR threshold is greater than -35 dB. A E is 
operating in beam forming / null steering mode. L l frequency band. 
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No. of 
interfering 

signals 

Antenna Array No. of 
interfering 

signals C9 B8 C10 C l l C12 C13 C14 
0 100.00 100.00 100.00 100.00 100.00 100.00 100.00 
1 99.63 99.69 99.66 99.71 99.73 99.74 99.75 
2 99.07 99.14 99.17 99.28 99.32 99.36 99.38 
3 98.15 98.37 98.49 98.69 98.76 98.86 98.89 
4 96.57 96.94 97.29 97.75 97.93 98.06 98.12 
5 94.40 95.34 96.00 96.64 97.04 97.19 97.31 
6 91.53 93.15 94.02 95.09 95.62 95.88 96.18 
7 84.45 89.19 91.33 92.92 93.61 94.04 94.50 
8 62.74 81.99 87.20 90.07 91.11 91.85 92.51 
9 0.02 62.05 79.12 84.92 87.46 88.36 89.55 
10 0.00 0.00 57.64 77.43 82.92 84.66 86.73 
11 O.OO 0.00 5.55 58.19 74.73 79.10 82.81 
12 0.00 0.00 0.00 4.03 55.98 69.92 76.31 
13 0.00 0.00 0.00 2.64 5.36 53.01 65.39 
14 0.00 0.00 0.00 0.00 2.41 8.72 49.04 

Table 5.16: Two ring distribution w i t h an inner ring height of 4.24 inches. Percent­
age of available angular region when SINR threshold is greater than -35 dB. A E is 
operating in beam forming / null steering mode. L2 frequency band. 
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No. of Antenna Array 
interfering 

signals CIS C16 C17 CIS C19 
0 96.42 96.17 96.21 96.25 96.00 
1 90.80 91.61 91.20 91.90 92.12 
2 85.21 86.51 86.59 87.38 87.70 
3 81.59 82.09 84.13 81.60 81,10 
4 70.99 77.91 80.84 81.44 81,45 
5 72.93 74.02 76.42 77.62 77.68 
6 69.44 71.09 72.26 74.75 74.59 
7 66.93 68.55 69.07 71.26 71.10 
8 60.71 63.78 64.23 66.28 66.95 
9 0.00 61.29 61.47 03.26 64.61 

10 0.00 0.00 57.42 61.15 60.36 
11 0.00 0.00 0.00 55.74 58.35 
12 0.00 0.00 0.00 0.00 54.31 

Table 5.17: Two ring distr ibution w i t h an inner ring height of three inches. Percent­
age of available angular region when SINR threshold is greater than -35 dB. A E is 
operating in simple power minimization mode. L l frequency band. 
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No. of Antenna Array 
interfering 

signals CIS C16 C17 C18 C19 
0 96.21 9S.41 96.26 95.46 95.62 
1 90.47 90.8S 90.83 90.78 90.10 
2 84.02 85.06 86.18 86.04 85.56 
3 79.93 81.24 83.17 83.40 81.96 
4 76.62 78.28 80.40 79.77 78.85 
5 70.10 73.26 74.79 74.66 73.44 
6 68.18 70.06 70.11 70.83 68.72 
7 6S.30 67.61 66.08 67.57 67.13 
8 60.41 63.16 63.11 64.66 64.56 
9 0.00 58.56 60.12 61.51 61.72 
10 0.00 1.39 55.01 59.10 59.87 
11 0.00 0.00 4.58 54.06 55.64 
12 0.00 0.00 0.00 4.03 52.74 

Table 5.18: Two ring distribution w i t h an inner ring height of three inches. Percent­
age of available angular region when SINR threshold is greater than -35 dB. A E is 
operating in simple power minimization mode. L2 frequency band. 
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No. of Antenna Array 
interfering 

signals CIS C16 C17 C18 C19 
0 100.00 100.00 100.00 100.00 100.00 
1 99.71 99.73 99.74 99.76 99.78 
2 99.31 99.37 99.41 99.43 99.50 
3 98.68 98.83 98.95 98.99 99.08 
4 97.70 98.01 98.24 98.37 98.50 
5 96.24 97.02 97.41 97.65 97.86 
6 93.S6 95.24 96.06 96.60 96.94 
7 86.21 92.01 93.73 94.85 95.55 
8 61.32 84.16 90.35 92.39 93.75 
9 0.06 58.35 82.41 88.27 91.09 

10 0.00 0.93 58.46 80.89 87.33 
11 0.00 0.00 2.47 57.33 79.91 
12 0.00 0.00 0.00 2.09 57.15 

Table 5.19: Two ring distr ibution wi th an inner ring height of three inches. Percent­
age of available angular region when SINR threshold is greater than -35 dB. A E is 
operating in beam forming / null steering mode. L l frequency band. 
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No. of Antenna Array 
interfering 

signals CIS C16 C17 C18 C19 
0 100.00 100.00 100.00 100.00 100.00 
1 99.59 99.63 99.64 99.67 99.69 
2 98.91 99.02 99.10 99.19 99.21 
3 97.94 98.18 98.38 98.49 98.59 
4 96.17 96.81 97.12 97.42 97.65 
5 93.88 95.14 95.77 96.17 96.63 
6 90.63 92.63 93.80 94.50 95.16 
7 82.46 88.43 90.89 92.14 93.02 
8 60.61 80.13 86.72 89.13 90.36 
9 0.01 58.68 78.00 83.79 86.48 
10 0.00 1.45 55.80 75.44 82.04 
11 0.00 0.00 4.78 55.19 72.98 
12 0.00 0.00 0.00 4.39 53.93 

Table 5.20: Two ring distribution wi th an inner ring height of three inches. Percent­
age of available angular region when SINR threshold is greater than -35 dB. A E is 
operating in beam forming / null steering mode. L2 frequency band. 
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No. of Antenna Array 
interfering 

signals C l l C18 
0 94.07 96.25 
1 89.42 91.90 
2 84.36 87.38 
3 81.17 84.66 
4 77.97 81.44 
5 75.07 77.62 
6 72,27 74.75 
7 68.94 71.26 
8 65.04 66.28 
9 63.64 63.26 

10 60.29 61.15 
11 58.08 55.74 

Table 5.21: Twelve Element Antenna Arrays. Percentage of available angular re­
gion when SINR threshold is greater than -35 dB. A E is operating in simple power 
minimization mode. L l frequency band. 

No. of Antenna Array 
interfering 

signals C l l CIS 
0 96.29 95.46 
1 91.09 90.78 
2 86.29 86.04 
3 83.42 83.40 
4 79.53 79.77 
5 75.68 74.66 
6 72.09 70.83 
7 70.32 67.57 
8 68,01 64.66 
9 64.48 61.51 

10 60.47 59.10 
11 56.99 54.06 

Table 5.22: Twelve Element Antenna Arrays. Percentage of available angular re­
gion when SINR threshold is greater than -35 dB. A E is operating in simple power 
minimization mode. L2 frequency band. 
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No. of 
interfering 

signals 

Antenna Array No. of 
interfering 

signals C l l CIS 
0 100.00 100.00 
1 99.79 99.76 
2 99.48 99.43 
3 99.05 98.99 
4 98.48 98.37 
5 97.73 97.65 
6 96.65 96.60 
7 95.00 94.85 
8 92.61 92.39 
9 88.51 88.27 

10 81.40 80.89 
11 59.17 57.33 

Table 5.23: Twelve Element Antenna Arrays. Percentage of available angular region 
when SINR threshold is greater than -35 dB. A E is operating in beam forming / null 
steering mode. L l frequency band. 

No. of Antenna Array 
interfering 

signals C l l C18 
0 100.00 100.00 
1 99.71 99.67 
2 99.28 99.19 
3 98.69 98.49 
4 97.75 97.42 
5 96.64 96.17 
6 95.09 94.50 
7 92.92 92.14 
8 90.07 89.13 
9 84.92 83.79 

10 77.43 75.44 
11 58.19 55.19 

Table 5.24: Twelve Element Antenna Arrays. Percentage of available angular region 
when SINR threshold is greater than -35 dB. A E is operating in beam forming / null 
steering mode. L2 frequency band. 
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No. of Antenna Array 
interfering 

signals C4 C l l 
0 95.46 94.07 
1 85.78 89.42 
2 78.96 84.36 
3 75.92 81.17 
4 69.13 77.97 
5 66.24 75.07 
6 65.69 72.27 
7 0.00 68.94 
8 0.00 65.04 
9 0.00 63.64 

10 0.00 60.29 
11 0.00 58.08 

Table 5.25: Comparison of seven and twelve element antenna arrays. Percentage of 
available angular region when SINR threshold is greater than -35 dB. A E is operating 
in simple power minimization mode. L l frequency band. 

No. of Antenna Array 
interfering 

signals C4 C l l 
0 96.76 96.29 
1 87.02 91.09 
2 81.01 86.29 
3 77.31 83.42 
4 73.20 79.53 
5 71.32 75.68 
6 68.11 72.09 
7 0.00 70.32 
8 0.00 68.01 
9 0.00 64.48 

10 0.00 60.47 
11 0.00 56.99 

Table 5.26: Comparison of seven and twelve element antenna arrays. Percentage of 
available angular region when SINR threshold is greater than -35 dB. A E is operating 
in simple power minimization mode. L2 frequency band. 
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No. of Antenna Array 
interfering 

signals C4 C l l 
0 100.00 100.00 
1 99.63 99.79 
2 98.98 99.48 
3 97.86 99.05 
4 95.65 98.48 
5 90.16 97.73 
6 65.71 96.65 
7 0.00 95.00 
8 0.00 92.61 
9 0.00 88.51 

10 0.00 81.40 
11 0.00 59.17 

Table 5.27: Comparison of seven and twelve element antenna arrays. Percentage of 
available angular region when SINR threshold is greater than -35 dB. A E is operating 
in beam forming / null steering mode. L l frequency band. 

No. of 
interfering 

signals 

Antenna Array No. of 
interfering 

signals C4 C l l 
0 100.00 100.00 
1 99.45 99.71 
2 98.49 99.28 
3 97.08 98.69 
4 93.77 97.75 
5 87.83 96.64 
6 68.11 95.09 
7 0.00 92.92 
8 0.00 90.07 
9 0.00 84.92 

10 0.00 77.43 
11 0.00 58.19 

Table 5.28: Comparison of seven and twelve element antenna arrays. Percentage of 
available angular region when SINR threshold is greater than -35 dB. A E is operating 
in beam forming / null steering mode. L2 frequency band. 
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C H A P T E R 6 

T W O I N C H H I G H G E O M E T R I E S 

Previously, we have studied the six inch spherical surface, which is a possibility 

for ship-board application; however, i t would not be desirable to the aerodynamic 

profile of an aircraft due to its physical size. Therefore, we are studying a two inch 

high surface, which maintains a curvature relative to a spherical surface of radius ten 

inches. As we have seen previously, this surface w i l l not yield the performance of a 

six inch high geometry; however, i t w i l l s t i l l yield better performance than a planar 

geometry. In this chapter, we w i l l investigate the best distr ibution for a two inch 

high surface. Three types of geometry distributions have been studied. The first 

type of geometry has a reference element located at the apex of the surface, where 

the remaining elements are distributed uniformly at the bot tom of the surface. The 

second type of geometry has a two ring distribution, w i t h one element located at the 

top of the surface, some elements distributed on an inner ring height of 1.46 inches, 

and the remaining elements distributed along the bot tom of the surface. The th i rd 

type of geometry has one element at the top and the remaining elements distributed 

non-uniformly at the bot tom of the surface. First, we w i l l set a baseline using seven 

element arrays. Then, we w i l l study the effect of the addition of elements to A J 

performance for each individual brand of antenna geometry. We w i l l then compare the 

results of the best antenna arrays regarding A J performance, and direct comparison 

to the seven element array to see the result of attainable performance improvement. 

I t w i l l be shown that the one r ing distr ibution achieve better A J performance than 

the two ring distribution. Furthermore, as the antenna aperture becomes filled w i t h 
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antenna elements there is not much difference between distributing the auxiliary 

elements uniformly or non-uniformly. 

6.1 Seven Element Antenna Arrays 

We w i l l set a baseline using the seven element antenna arrays, w i t h the three types 

of distributions mentioned above, and compare their respective A J performances. 

Antenna array B2 (Figure 6.1), introduced in Chapter 4 has seven elements w i t h 

the reference element located at the top of the surface and the remaining elements 

distributed uniformly around the bot tom of the surface. Antenna array D l (Figure 

6.2) has one element at the top, three elements distributed on an inner ring height 

of 1.46 inches, and the remaining three elements distributed along the bot tom of the 

surface. Antenna array D2 (Figure 6.3) has one element at the top of the surface, 

and the remaining six elements distributed non-uniformly around the bot tom of the 

hemisphere. 

Figures 6.16 and 6.17 show the percentage available angular region for the L l and 

L2 bands, respectively, while the antenna is operating in the presence of one to six 

interfering signals. The A E is operating in simple power minimization mode. For the 

L l band (Figure 6.16), i t is shown that all three antenna arrays have similar perfor­

mance. However, for six interfering signals the two one ring distributions (antenna 

arrays B2 and D2) outperform the two ring distribution (anteima array D l ) and an­

tenna array D2 has slightly better performance than antenna array B2. In the L2 

band (Figure 6.17), there are similar results as the L l band. A l l three antenna arrays 

have similar performance and for six interfering signals antenna array D2 exhibits 

slightly better performance. Note that antenna array D l has slightly better perfor­

mance than antenna array D2 for a lower number of interfering signals; however, we 

are interested in how the antenna arrays perform in severe interference environments. 

These results are further supported by Tables 6.1 and 6.2, which display the 

percentage available angular region when the output SINR exceeds -35 dB in the 

presence of zero to six interfering signals. The antenna electronics is operating in the 

simple power minimization mode. In Table 6.1, one observes that antenna array D2 

exhibits the best A J performance for any given number of interfering signals. In the 
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L2 band (Table 6.2), one observes that antenna array D l yields the best performance 

for 5 or less interfering signals; however, in the presence of six interfering signals, i t 

is seen that antenna array D2 has the best performance. Therefore, antenna array 

D2 has the best overall performance of the three antenna arrays for the interference 

signal scenarios of interest while the A E is operating in simple power minimization 

mode. 

Figures 0.18 and 6.19 show the performance of the three antenna arrays when the 

A E is operating in the beam forming / null steering mode. A l l other parameters are 

the same as in Figures and 6.16 and 6.17, respectively. One observes similar results 

for the simple power minimization mode. In the L l band, the one ring distributions 

outperform the two ring distribution wi th antenna array D2 performing slightly better 

than B2 for a high number of interfering signals. I n the L2 band, one notices that all 

three antenna arrays have similar performance; however, antenna array D2 has better 

performance than the other two antenna arrays B2 and D l for any given number of 

interfering signals. 

This conclusion can be seen in Tables 6.3 and 6.4, which show the percentage 

available angular region for which the output SINR is greater than -35 dB in the 

presence of zero to six interfering signals while the A E is operating in simple power 

minimization mode. From Table 6.3, one observes that antenna arrays B2 and D2 have 

similar performance and are performing better than antenna array D l . Also, antenna 

array D2 has slightly better performance than antenna array B l in the presence of 

six interfering signals. The same can be seen in Table 6.4. Therefore, one can again 

conclude that antenna array D2 has the best overall performance and is selected as 

the best seven element antenna array for further studies. Another observation to 

be made f rom comparing Tables 6.3 and 6.4 w i t h Tables 6.1 and 6.2, is that the 

antenna arrays perform significantly better in the beam forming / null steering mode, 

as expected. I t has been shown for the seven element antenna arrays that the one 

ring non-uniform distr ibution of antenna array D2 performed the best; however, this 

may not be true w i t h the increase of the number of elements. Therefore, we w i l l 

investigate the addition of elements to the three types of geometries and compare 

their performances. 
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6.2 Distribution of Elements Uniformly on One Ring 

The antenna arrays studied in this section all have the same distribution w i t h one 

element at the top of the surface and the remaining elements uniformly distributed 

along an outer ring at the bot tom of the surface. Antenna array B2 wi l l be included 

f rom above. Antenna arrays D3 (Figure 6.4), D4 (Figure 6.5), D5 (Figure 6.6), and 

D6 (Figure 6.7) have nine, ten, eleven, and twelve elements, respectively. The A J 

performance of the five antenna arrays wi l l be shown in the presence of four to eleven 

interfering signals while the antenna electronics is operating in both simple power 

minimization and beam forming / null steering mode. 

Figures 6.20 and 6.21 show the A J performance while the A E is operating in simple 

power minimization mode for the L l and L2 band, respectively. For both the L l and 

L2 bands, one observes that for a low number of jammers, antenna arrays w i t h a larger 

number of elements exhibit slightly better performance; however, as the number of 

interfering signals increase and one maintains at least N + l antenna elements in the 

presence of N jammers, all antenna arrays maintain similar performance. 

Tables 6.5 and 6.6 display the percentage available angular region where the out­

put SINR exceeds -35 dB while the A E is operating in the simple power minimization 

mode for the L l and L2 bands, respectively. The results are shown for the antenna 

arrays operating in the presence of zero to eleven interfering signals. In the tables, one 

observes that A J performance degrades as the number of interfering signals increase, 

as expected. I n the L l band (Table 6.5), one observes that the performance consis­

tently improves as the number of antenna elements increases for five or less interfering 

signals. I t is noted that the twelve element array (antenna array D6), has the best 

performance up to ten interfering signals, where antenna array D5 has better perfor­

mance. However, antenna array D6 possesses the capability to null more interfering 

signals. In Table 6.6, i t shows that the A J performance improves constantly as the 

number of antenna elements is increased up to four interfering signals. Furthermore, 

i t is seen that antenna array D6 has the best performance for any given number of 

interfering signals. Comparing 6.5 and 6.6, one observes that there is much better A J 

performance in the L l band than in the L2 band. This result is due to the antenna 
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array aperture being electrically larger in the L l band and a larger amount of mutual 

coupling between the reference element and the auxiliary elements in the L2 band. 

Figures 6.22 and 6.23 show the A J performance for the L l and L2 bands, respec­

tively, while the A E is operating in beam forming / null steering mode. A l l other 

parameters are the same as in Figures 6.20 and 6.21. For both the L l and L2 bands, 

one observes that there is a consistent performance improvement as the number of 

antenna elements are increased. Also, comparing Figures 6.22 and 6.23 w i t h Figures 

6.20 and 6.21, i t is easily observed that the A E operating in the beam forming / null 

steering mode has a significant advantage over the A E operating in the simple power 

minimization mode. 

Tables 6.7 and 6.8 display the percentage available angular region while the A E is 

operating in the beam forming / null steering mode for L l and L2 bands, respectively. 

A l l other parameters are the same as in Tables 6.5 and 6.6. I t is observed in both 

tables that one requires N + l antenna elements to effectively operate in the presence 

of N interfering signals. Also, i t is seen again that increasing the number of antenna 

elements results in better A J performance. Furthermore, i t is seen that there is better 

A J performance in the L l band than in the L2 band. 

6.3 Distribution of Elements on Two Rings 

The antenna elements are now distributed on two rings, w i t h a reference element 

at the top of the surface, and some elements distributed on an inner ring height of 

1.46 inches, as well as along the outer ring on the bot tom of the surface. Antenna 

array D l is also included in this section. Antenna array D7 (Figure 6.8) has nine 

elements w i t h one element distributed at the top, two elements distributed on the 

1.46 inch high inner ring and six elements distributed at the bot tom on of the surface. 

Antenna array B6 (Figure 6.9), introduced in Chapter 4, has ten elements overall w i t h 

three elements along the inner ring, one element at the top, and six elements along 

the outer ring. Antenna array D8 (Figure 6.10) has eleven total elements w i t h one 

element located at the top of the surface, three elements located on the inner r ing and 

twelve elements distributed on the outer ring. Finally, antenna array D9 (Figure 6.11) 

has twelve elements where the reference element is located at the top, three elements 
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are placed on an inner ring wi th height equal to 1.46 inches, and eight elements along 

an outer ring at the bot tom of the surface. 

Figures 6.24 and 6.25 show the A J performance for the L l and L2 bands, respec­

tively, of the five antenna arrays while the antenna electronics is operating in simple 

power minimization mode. The antenna arrays are operating in the presence of four 

to eleven interfering signals. I n the L l band, as the number of jammers grows the per­

formance begins to degrade, and the antenna arrays exhibit similar A J performance. 

Also, for this particular distribution an increase in the number of elements does not 

guarantee an improvement in A J performance. One can easily observe this effect for 

ten interfering signals and that fu l ly constrained antenna array D8 is performing bet­

ter than antenna array D9. This is especially true for the L2 band. Even though the 

antenna arrays are fu l ly constrained in the case of a high number of jammers, they 

are performing better than antenna arrays w i t h more elements. As one can see w i t h 

antenna array D7 in the presence of eight jammers, antenna array B6 in the presence 

of nine jammers, and again antenna array D8 in the presence of ten interfering sig­

nals. Also, note that the A J performance at the L2 band is significantly decreased 

compared to the L l band. This effect is caused due to the larger amount of mutual 

coupling at the L2 band between the reference element and the inner ring antenna 

elements of the arrays. 

This can also be more directly observed in comparing Tables 6.9 and 6.10, which 

is the percentage available region for the L l and L2 bands, respectively, for which the 

output SINR exceeds a -35 dB threshold when the antenna arrays are operating in 

the presence of zero to eleven interfering signals. The A E is operating in simple power 

minimization mode. In Table 6.9, one observes that for a large number of interfering 

signals the A J performance is actually worse for a large number of antenna elements 

than the fu l ly constrained antenna arrays. One observes antenna array D7 has the best 

performance for eight interfering signals, antenna array B6 has the best performance 

for nine interfering signals, and antenna array D8 has the best performance for ten 

interfering signals. In Table 6.10, one observes that similar results in the L l band. 

Antenna array B6 has the best performance for nine interfering signals and antenna 

array D8 has the best performance for ten interfering signals. Also note that the A J 
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performance consistently degrades as one increases the number of elements f rom ten 

to twelve. This is again possible due to the larger amount of mutual coupling at the 

L2 band. Also, comparing Tables 6.9 and 6.10 w i t h Tables 6.5 and 6.6, one notices a 

performance degradation for the two ring distr ibution when compared w i t h the one 

ring distribution. 

On the contrary, again, one observes the A J performance improves as the number 

of antenna elements when the A E is operating in the beam forming / null steering 

mode. Also, the A J performance is much better when the A E is operating in the 

beam forming / null steering mode than in the case of the simple power minimization 

mode. These results can be viewed in Figures 6.26 and 6.27 for the L l and L2 band, 

respectively. One also observes that there is also sufficient performance degradation 

for the L2 band compared w i t h the L l band due electric size of the aperture. 

This information is further supported by Tables 6.11 and 6.12, which display the 

percentage available angular region for the L l and L2 bands, respectively, for which 

the output SINR exceeds -35 dB while the antenna electronics is operating in the beam 

forming / null steering mode. A l l other parameters are the same as in Tables 6.9 and 

6.10. One observes a consistent improvement i n A J performance w i t h an increase in 

the number of antenna elements in both the L l and L2 bands. Also, comparing Table 

6.11 w i t h Table 6.12, one observes that there the performance is somewhat better in 

the L l band. Comparing Tables 6.11 and 6.12 w i t h Tables 6.7 and 6.8 one sees that 

there is better performance exhibited by the one ring distribution antenna arrays. 

Therefore, the two ring distr ibution does not seem like i t would be the best antenna 

array distr ibution due to this degradation. 

6.4 Distribution of Elements Non-Uniformly on One Ring 

I t has been shown that distr ibuting antenna elements non-uniformly along the 

periphery of a surface can yield improved A J performance [14]. This result was 

confirmed w i t h bi-conical antenna elements for a planar surface; however, we w i l l 

use patch antenna elements and a non-planar convex surface. A l l antenna arrays 

studied in this section w i l l have a reference element at the top of the surface and the 

remaining elements located non-uniformly along the outer ring at the bot tom of the 
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surface. Antenna array D2 f rom section 6.1 wi l l also be included in this study. The 

antenna arrays have nine, ten, eleven, and twelve elements associated to DIO (Figure 

6.12), D l l (Figure 6.13), D12 (Figure 6.14), and D13 (Figure 6.15), respectively. 

Figures 6.28 and 6.29 show the performance of the five antenna arrays when the 

A E is operating in a simple power minimization mode. Interference signal scenarios 

containing four to eleven interfering signals are considered. For the one r ing non-

uniformly distributed antenna arrays, one can see that the same conclusions hold 

true as the one ring uniformly distributed antenna arrays. Again, as expected, one 

can see that in the presence of N interfering signals, one requires at least N + l antenna 

elements for A J performance. The performance of the antenna arrays degrades w i t h 

an increase in the number of interfering signals. In both the L l and L2 bands, i t is 

seen that there is a slight advantage of the twelve element antenna array for a low 

number of interfering signals, and as long as one contains N + l antenna elements for 

N interfering signals, all antenna array have fa i r ly similar A J performance. 

Tables 6.13 and 6.14 show the percentage available angular region for the L l 

and L2 bands, respectively, where the output SINR is greater than -35 dB in the 

presence of zero to eleven interfering signals. The A E is operating in the simple 

power minimization mode. In both the L l and L2 bands, one observes that antenna 

array D13 has the best performance for any given number of interfering signals except 

for ten interfering signals where antenna array D12 has better performance. However, 

antenna array D13 can null the most interfering signals. Also, i t is important to note 

that in comparing the two tables there is better performance exhibited in the L l 

band. 

The plots of the antenna electronics operating in beam forming / null steering are 

given below in Figures 6.30 and 6.31 below. A l l other parameters are the same as 

Figures 6.28 and 6.29. Also, the same conclusions drawn here are the same for the 

uniformly distributed antennas. Beam forming / null steering performs significantly 

better as one increases the number of elements, and i t performs much better as 

compared to simple power minimization mode. Comparing the performance of non-

uniformly distributed antennas wi th those of the uniformly distributed antennas (see 

Figures 6.20 and 6.21 for simple power minimization and Figures 6.22 and 6.23 for 
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beam forming / null steering), one can see that the two groups of antennas have almost 

similar performance. Thus, distributing the elements uniformly or non-uniformly on 

the outer ring does not make much of a difference. 

Tables 6.15 and 6.16 refer to the available angular region for which the output 

SINR exceeds -35 dB while the A E is operating in the beam forming / null steering 

mode for the L l and L2 bands, respectively. A l l other parameters are the same as 

in Tables 6.13 and 6.14. One again sees that in both the L l and L2, a larger num­

ber of antenna elements leads to an enhancement in A J performance. Furthermore, 

comparing Tables 6.15 and 6.16 wi th Tables 6.13 and 6.14, one observes a signifi­

cant performance improvement operating in the beam forming / null steering mode. 

Therefore, i t is recommended to operate in the beam forming / null steering mode 

wi th as many elements as possible to achieve the best possible performance. As a 

result, we w i l l compare the performance of the twelve element antenna arrays for the 

two inch high geometries. 

6.5 Comparison of 12 Element Antenna Arrays 

We w i l l now examine the three distributions w i t h twelve elements. The selected 

three twelve element antenna arrays D6, D9, and D13 w i l l be evaluated w i t h respect 

to A J performance and we w i l l conclude the best distribution for the two inch high 

antenna geometry. 

Figures 6.32 and 6.33 compare the performance of the antenna arrays at L l and 

L2 carrier frequencies, respectively w i t h the number of jammers ranging f rom four to 

eleven. The A E is operating in simple power minimization mode. Note that at the L l 

and L2 and carrier frequencies, antenna arrays D6 and D13, have similar performance; 

whereas, antenna array D9 has degraded performance due to mutual coupling effects 

between the inner ring elements and the reference element, w i t h a more significant 

degradation observed in the L2 band. Therefore, i t is better to distribute the elements 

in a one ring distr ibution w i t h the auxiliary elements placed on the bot tom of the two 

inch high surface. Furthermore, f rom these results i t is shown that as one begins to 

fill the antenna aperture there is not an advantage between distributing the antenna 

elements uniformly or non-uniformly on the bot tom of the surface. 

152 



Tables 6.17 and 6.18 show the percentage available angular region for which the 

output SINR exceeds -35 dB for the L l and L2 bands, respectively, in the presence of 

zero to eleven interfering signals. The antenna electronics is operating in the simple 

power minimization mode. In the L l band (Table 6.17), one observes that the one 

ring distributions perform better than the two ring distribution for seven or more 

interfering signals. Also, when the antenna arrays are fu l ly constrained, antenna 

array D13 barely exhibits the best performance over antenna array D 6 ( < 2%). In 

Table 6.18 (L2 band), one notices that in the presence of any interference the one 

ring distribution antenna arrays are outperforming the two ring distribution antenna 

array. For eleven interfering signals, antenna array D6 has a minimal advantage over 

antenna array D13 ( < 1%). Also, note the antenna arrays yield better A J performance 

in the L l band than in the L2 band. 

Figures 6.34 and 6.35 show the performance of antenna arrays D6, D9, and D13 

when the A E is operating is the beam forming / null steering mode. A l l other pa­

rameters are the same as in Figures 6.32 and 6.33, respectively. From the results, 

one can see that at the L l and L2 carrier frequencies antenna arrays D6 and D13 

have similar performance and out perform antenna array D9. Also, i t is noted that 

antenna array D13 has slightly better performance in the L l band; however, i t is by 

no means significant. Another observation to be made f rom the plots in Figures 6.32 

and 6.35 is that in the beam forming / null steering mode, as expected, the antenna 

arrays perform extremely better. Therefore, i t is definitely advised to operate in beam 

forming / null steering based A E , i f one can afford to do so. 

Tables 6.19 and 6.20 show the percentage available angular region for which the 

output SINR exceeds -35 dB while the A E is operating in the beam forming / null 

steering mode. A l l parameters are the same as in 6.17 and 6.18. I n both the L l and 

L2 bands, the antenna arrays w i t h the one ring distr ibution outperform the antenna 

array wi th the two ring distribution. For eleven interfering signals, antenna array D13 

has a slight advantage in A J performance ( < 2%) in the L l band, and antenna array 

D6 has a slight advantage in the L2 band ( < 2%). Therefore, i t does not make a 

difference how one distributes the elements in one ring as the aperture becomes filled. 
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Antenna array D13 wi l l be the selected twelve element geometry and compared w i t h 

seven element antenna array D2. 

6.6 Comparison of 7 and 12 Element Antenna Arrays 

In this section, we wi l l compare the seven element antenna array D2 against the 

twelve element antenna array D13 to show the amount of performance advantage 

one w i l l yield by increasing the number of elements. I t is noted that both antenna 

arrays being compared have the non-uniform distribution of the outer ring elements 

along the bot tom of the surface. They performed slightly better than their uniformly 

distributed counterparts; however, i t was by no means significant. Antenna arrays 

D2 and D13 are compared in the figures below. 

Figures 6.36 and 6.37 compare the A J performance of antenna arrays operating 

in the simple power minimization mode in the presence of three to eight interfering 

signals at L l and L2 frequency bands, respectively. From the figures, as expected, 

one can see that antenna array D13 outperforms antenna array D2. This is especially 

true i n the presence of seven or more interfering signals. However, i t should be noted 

that antenna array D2 only has seven elements yielding the capability to nul l six 

interfering signals; whereas, antenna array D13 has twelve elements. Taking this 

into account, the performance improvement when the antenna is operating in simple 

power minimization mode is not very significant unless one is operating in a severe 

interference environment. Note that the antenna performance of the two antenna 

arrays is almost similar in the presence of six interfering signals at the L2 carrier 

frequency. 

Tables 6.21 and 6.22 show the percentage available angular region for the L l and 

L2 bands, respectively, for which the output SINR exceeds -35 dB in the presence of 

zero to eleven interfering signals. The A E is operating in simple power minimization 

mode. One can observe that there is not a significant performance advantage in 

moving f rom seven to twelve elements while the antenna electronics is operating in 

the simple power minimization mode. I n fact, for six interfering signals, there is only 

less than 3% advantage in the L l band and less than 1% in the L2 band. 

154 



Figures 6.36 and 6.37 show the A J performance of the two antenna arrays when the 

antenna is operating in the beam forming / null steering mode. A l l other parameters 

are the same as in Figures 6.36 and 6.37. Now, one can see that antenna array 

D13 has significantly better performance than antenna array D2. In fact, D13 shows 

approximately 30% and 35% performance improvement over D2 in the presence of 

six interfering signals for the L l and L2 bands, respectively. Thus, to obtain the best 

performance as the number of elements is increased, the antenna array should be 

used w i t h beam forming / null steering based A E . I t leads to increase in the number 

of interfering signals the antenna can null as well as significant improvement in the 

available angular region in the presence of interfering signals. 

Tables 6.23 and 6.24 show the percentage available angular region for the L l and 

L2 bands, respectively, while the A E is operating in the beam forming / null steering 

mode. A l l other parameters are the same as in Tables 6.21 and 6.22. One can clearly 

see a significant performance advantage f rom moving f rom seven to twelve elements 

in the presence of a large number of interfering signals. As the seven element antenna 

array becomes fu l ly constrained, the twelve element antenna array significantly out­

performs i t w i t h a 32.54% advantage in the L l band and 36.3% better performance 

in the L2 band. 

6.7 Chapter Summary 

I t was shown that the best distribution for a two inch high geometry w i t h the 

given dimensions is not a two ring distribution, but a one ring distribution w i t h the 

auxiliary elements distributed uniformly or non-uniformly along an outer ring at the 

bot tom of the surface. I t was also reinforced that the performance does in fact increase 

as the number of antenna elements increase. However, when the antenna arrays were 

operating in the simple power minimization mode, there was not a significant increase 

in A J performance observed wi th the addition of more elements. Furthermore, i t was 

shown that when the antenna arrays were operating in the simple power minimization 

mode, they were able to yield better A J performance in the L l band than in the L2 

band, which has to do w i t h the antenna array being electrically larger in the L l band. 

I t has been shown again that one should take extreme consideration into antenna 
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electronics operating in beam forming / null steering mode as the A J performance is 

far superior to simple power minimization, and the addition of more elements allows 

one to null more jammers. Also, i t has been suggested that out of the antenna arrays 

studied for the two inch high geometry, D13 yielded the best overall performance. In 

the next chapter we wi l l examine the performance advantage one can achieve moving 

f rom a planar antenna array to a two inch convex non planar or a six inch convex 

non planar antenna array. 
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(a) Top Down View (b) Side View (c) Gridded Surface 

Figure 6.1: Antenna Array B2. 

(a) Top Down View (b) Side View (c) Gridded Surface 

Figure 6.2: Antenna Array D l . 

(a) Top Down View (b) Side View (c) Gridded Surface 

Figure 6.3: Antenna Array D2. 
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(a) Top Down View (b) Side View (c) Gridded Surface 

Figure 6.4: Antenna Array D3. 

Figure 6.5: Antenna Array D4. 

(a) Top Down View (b) Side View (c) Gridded Surface 

Figure 6.6: Antenna Array D5. 
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(a) Top Down View (b) Side View (c) Gridded Surface 

Figure 6.7; Antenna Array D6. 

(a) Top Down View (b) Side View (c) Gridded Surface 

Figure 6.8: Antenna Array D7. 

(a) Top Down View (b) Side View (c) Gridded Surface 

Figure 6.9: Antenna Array B6. 

159 



(a) Top Down View (b) Side View (c) Gridded Surface 

Figure 6.10: Antenna Array D8. 

(a) Top Down View (b) Side View (c) Gridded Surface 

Figure 6.11: Antenna Array D9. 

• I 

(a) Top Down View (b) Side View (c) Gridded Surface 

Figure 6.12: Antenna Array DIO. 
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(a) Top Down View (b) Side View (c) Gridded Surface 

Figure 6.13: Antenna Array D l l . 

(a) Top Down View (b) Side View (c) Gridded Surface 

Figure 6.14: Antenna Array D12. 

(a) Top Down View (b) Side View (c) Gridded Surface 

Figure 6.15: Antenna Array D13. 
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Figure 6.19: Performance of seven element antenna arrays in the presence of one to 
six interfering signals. A E is operating in beam forming / null steering mode. L2 
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Figure 6.20: Performance of antenna arrays w i t h elements distributed uniformly on 
one r ing in the presence of four to eleven interfering signals. A E is operating in simple 
power minimization mode. L l frequency band. (Continued on the following page). 
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Figure 6.20 continued. 
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Figure 6.21: Performance of antenna arrays wi th elements distributed uniformly on 
one r ing in the presence of four to eleven interfering signals. A E is operating in simple 
power minimization mode. L2 frequency band. (Continued on the following page). 
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Figure 6.21 continued. 
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Figure 6.22: Performance of antenna arrays wi th elements distributed uniformly on 
one ring in the presence of four to eleven interfering signals. A E is operating in beam 
forming / null steering mode. L l frequency band. (Continued on the following page). 
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Figure 6.22 continued. 
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Figure 6.23: Performance of antenna arrays w i t h elements distributed uniformly on 
one ring in the presence of four to eleven interfering signals. A E is operating in beam 
forming / null steering mode. L2 frequency band. (Continued on the following page). 
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Figure 6.23 continued. 
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Figure 6.24: Performance of antenna arrays w i t h elements distributed on two rings 
in the presence of four to eleven interfering signals. A E is operating in simple power 
minimization mode. L l frequency band. (Continued on the following page). 
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Figure 6.24 continued. 
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Figure 6.25: Performance of antenna arrays w i t h elements distributed on two rings 
in the presence of four to eleven interfering signals. A E is operating in simple power 
minimization mode. L2 frequency band. (Continued on the following page). 
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Figure 6.25 continued. 
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Figure 6.26: Performance of antenna arrays w i t h elements distributed on two rings 
in the presence of four to eleven interfering signals. A E is operating in beam forming 
/ null steering mode. L l frequency band. (Continued on the following page). 
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Figure 6.26 continued. 
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Figure 6.27: Performance of antenna arrays w i t h elements distributed on two rings 
in the presence of four to eleven interfering signals. A E is operating in beam forming 
/ null steering mode. L2 frequency band. (Continued on the following page). 
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Figure 6.27 continued. 
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Figure 6.28: Performance of antenna arrays wi th elements distributed non-uniformly 
on one ring in the presence of four to eleven interfering signals. A E is operating in 
simple power minimization mode. L l frequency band. (Continued on the following 
page). 
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Figure 6.28 continued. 

8-Jammers 9-Jammers 
g 100 
o 
0£. 80 
TO I 60 
C < 
0) 40 
2 
ro ro > < 

c o 
U) 
QJ 

fc 
w 
ro 
O ) 

c 
< 
_QJ 
Si 
_ro 

'ro 
> 

< 

20 

DIO . 
D11 

- - - D12 
fc D13 

-45 -40 -35 -30 -25 

SINR threshold [dB] 
10-Jammers 

100 

80 

60 

40 

20 

— D10 

- - - D12 
% 

% ' - D13 
% 

• : 
• 

• 

-40 -35 -30 

SINR threshold [dB] 
11-Jammers 

25 

C 
o 
"5) 
QJ 
fc 
ro 
U) 
c 
< 
QJ 

Si 
_ r o 

ro 20 > < 

100 

80 

60 

40 

D2 
D10 j 

V . . 

D11 
- - - D12 

% - - - D13 
s 

S • 
\ 
: \ 

\ • 

- - - _ 
-45 -40 -35 -30 -25 

SINR threshold [dB] 
-45 -40 -35 -30 -25 

SINR threshold [dB] 

183 



Figure 6.29: Performance of antenna arrays wi th elements distributed non-uniformly 
on one ring in the presence of four to eleven interfering signals. A E is operating in 
simple power minimization mode. L2 frequency band. (Continued on the following 
page). 
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Figure 6.29 continued. 
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Figure 6.30: Performance of antenna arrays w i t h elements distributed non-uniformly 
on one ring in the presence of four to eleven interfering signals. A E is operating in 
beam forming / null steering mode. L l frequency band. (Continued on the following 
page). 
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Figure 6.30 continued. 
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Figure 6.31: Performance of antenna arrays wi th elements distributed non-uniformly 
on one ring in the presence of four to eleven interfering signals. A E is operating in 
beam forming / null steering mode. L2 frequency band. (Continued on the following 
page). 
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Figure 6.31 continued. 
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Figure 6.32: Performance of twelve element antenna arrays in the presence of six to 
eleven interfering signals. A E is operating in simple power minimization mode. L l 
frequency band. 
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Figure 6.33: Performance of twelve element antenna arrays in the presence of six to 
eleven interfering signals. A E is operating in simple power minimization mode. L2 
frequency band. 
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Figure 6.34: Performance of twelve element antenna arrays in the presence of six to 
eleven interfering signals. A E is operating in beam forming / null steering mode. L l 
frequency band. 
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Figure 6.35: Performance of twelve element antenna arrays in the presence of six 
eleven interfering signals. A E is operating in beam forming / null steering mode, 
frequency band. 
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Figure 6.36: Performance of seven and twelve element antenna arrays in the presence 
of three to eight interfering signals. A E is operating in simple power minimization 
mode. L l frequency band. 
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Figure 6.37: Performance of seven and twelve element antenna arrays in the presence 
of three to eight interfering signals. A E is operating in simple power minimization 
mode. L2 frequency band. 
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Figure 6.38: Performance of seven and twelve element antenna arrays in the presence 
of three to eight interfering signals. A E is operating in beam forming / null steering 
mode. L l frequency band. 
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Figure 6.39: Performance of seven and twelve element antenna arrays in the presence 
of three to eight interfering signals. A E is operating in beam forming / null steering 
mode. L2 frequency band. 
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iVOi or Antenna Array 
interfering 

blglldlb R9 u z 
n u 97.22 93.01 97.51 
1 83.46 82.19 85.60 
2 74.09 73.43 76.12 
3 68.96 70.02 71.28 
4 62.94 62.85 66.49 
5 57.53 56.18 61.38 
6 57.82 52.10 59.41 

Table 6.1: Seven Element Antenna Arrays. Percentage of available angular region 
when SINR threshold is greater than -35 dB. A E is operating in simple power mini­
mization mode. L l frequency band. 

No. of 
interfering 

signals 

Antenna Array No. of 
interfering 

signals B2 D l D2 
0 88.09 93.82 88.71 
1 75.74 81.72 76.72 
2 68.16 73.70 70.92 
3 61.54 68.73 64.61 
4 54.55 63.61 58.43 
5 53.50 57.46 54.20 
6 51.32 53.44 54.45 

Table 6.2: Seven Element Antenna Arrays. Percentage of available angular region 
when SINR threshold is greater than -35 dB. A E is operating in simple power mini ­
mization mode. L2 frequency band. 
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riO. OI 

l l l L e l 1(31 nig 

Antenna Array riO. OI 

l l l L e l 1(31 nig 

LJ £ 

n 100.00 100.00 100.00 
1 99.04 98.84 98.98 
2 97.60 96.96 97.38 
3 95.37 94.39 95.11 
4 90.58 88.69 90.71 
5 81.84 76.29 81.86 
6 57.85 52.13 59.48 

Table 6.3: Seven Element Antenna Arrays. Percentage of available angular region 
when SINR threshold is greater than -35 dB. A E is operating in beam forming / null 
steering mode. L l frequency band. 

No. of 
interfering 

signals 

Antenna Array No. of 
interfering 

signals B2 D l D2 
0 100.00 100.00 100.00 
1 98.73 98.45 98.68 
2 96.53 95.85 96.68 
3 93.56 92.20 93.96 
4 87.54 86.36 87.60 
5 76.22 76.34 77.12 
0 51.36 53.46 54.48 

Table 6.4: Seven Element Antenna Arrays. Percentage of available angular region 
when SINR threshold is greater than -35 dB. A E is operating in beam forming / null 
steering mode. L2 frequency band. 
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No. of Antenna Array 
interfering 

signals B2 D3 D4 D5 D6 
0 97.22 97.26 97.22 97.18 97.05 
1 83.46 84.91 88.11 87.61 88.08 
2 74.09 76.13 78.91 79.39 80.08 
3 68.96 70.91 73.89 75.13 75.94 
4 62.94 64.67 68.73 70.48 70.94 
5 57.53 61.43 63.58 65.51 66.32 
6 57.82 56.01 58.56 59.93 61.33 
7 0.00 55.23 59.38 60.08 60.56 
8 0.00 53.31 55.30 55.99 57.47 
9 0.00 0.06 56.15 55.16 56.72 

10 0.00 0.00 0.00 57.36 54.72 
11 0.00 0.00 0.00 2.18 53.02 

Table 6.5: One ring uniform distribution. Percentage of available angular region when 
SINR threshold is greater than -35 dB. A E is operating in simple power minimization 
mode. L l frequency band. 

No. of Antenna Array 
interfering 

signals B2 D3 D4 D5 D6 
0 88,09 86.76 86.63 85.47 86.05 
1 75.74 76.79 78.23 78.35 79.59 
2 68.16 70.64 72.30 72.84 74.40 
3 61.54 65.49 67.24 68.61 70.16 
4 54.55 58.91 62.12 63.66 65.62 
5 53.50 51.77 57.14 58.39 60.28 
6 51.32 47.41 49.82 52.87 55.11 
7 0.00 47.62 48.23 51.52 53.81 
8 0.00 48.25 46.80 48.12 50.49 
9 0.00 0.88 47.90 48.62 49.63 

10 0.00 0.12 2.04 47.96 48.36 
11 0.00 0.00 0.00 0.53 48.97 

Table 6.6: One ring uniform distribution. Percentage of available angular region when 
SINR threshold is greater than -35 dB. A E is operating in simple power minimization 
mode. L2 frequency band. 
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No. of Antenna Array 
interfering 

signals B2 D3 D4 D5 DO 
0 100.00 100.00 100.00 100.00 100.00 
1 99.04 99.22 99.32 99.38 99.43 
2 97.60 98.00 98.26 98.49 98.58 
3 95.37 96.47 96.97 97.35 97.59 
4 90.58 93.80 94.72 95.39 95.91 
5 81.84 90.67 92.39 93.41 94.17 
6 57.85 85.78 89.14 90.74 92.01 
7 0.00 76.19 83.74 86.86 88.80 
8 O.OO 53.35 75.37 81.27 84.83 
9 0.00 0.06 56.21 72.86 79.70 

10 0.00 0.00 0.00 57.59 71.76 
11 0.00 0.00 0.00 2.18 53.27 

Table 6.7: One ring uniform distribution. Percentage of available angular region 
when SINR threshold is greater than -35 dB. A E is operating in beam forming / null 
steering mode. L l frequency band. 

No. of 
interfering 

signals 

Antenna Array No. of 
interfering 

signals B2 D3 D4 D5 D6 
0 100.00 100.00 100.00 100.00 100.00 
1 98.73 99.06 99.24 99.37 99.38 
2 96.53 97.57 97.95 98.35 98.44 
3 93.56 95.65 96.35 96.93 97.30 
4 87.54 92.17 93.46 94.65 95.32 
5 76.22 87.94 90.56 92.44 93.42 
6 51.36 81.19 86.14 89.55 91.00 
7 0.00 69.33 79.52 84.87 87.26 
8 0.00 48.38 68.61 77.92 82.38 
9 0.00 0.94 48.08 67.98 76.14 

10 0.00 0.12 2.05 48.08 66.79 
11 0.00 0.00 0.00 0.53 49.30 

Table 6.8: One ring uniform distribution. Percentage of available angular region 
when SINR threshold is greater than -35 dB. A E is operating in beam forming / null 
steering mode. L2 frequency band. 
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No. of Antenna Array 
interfering 

signals D l D7 B6 D8 D9 
0 93.01 95.38 93.68 94.20 93.55 
1 82.19 85.07 84.96 85.13 84.87 
2 73.43 76.87 78.07 78.71 78.58 
3 70.02 71.02 74.21 73.68 74.77 
4 62.85 67.24 70.92 69.82 70.62 
5 56.18 62.53 66.71 63.56 67.22 
6 52.10 60.52 59.87 59.79 62.00 
7 0.00 57.66 58.54 57.35 59.73 
8 0.00 56.56 55.12 53.14 54.51 
9 0.00 0.00 53.49 51.56 53.20 
10 0.00 0.00 0.13 53.48 49.93 
11 0.00 0.00 O.OO 0.04 49.94 

Table 6.9: Two ring distribution. Percentage of available angular region when SINR 
threshold is greater than -35 dB. A E is operating in simple power minimization mode. 
L l frequency band. 

No. of Antenna Array 
interfering 

signals D l D7 B6 D8 D9 
0 93.82 88.97 01.28 85.31 86.12 
1 81.72 78.41 81.71 77.87 78.90 
2 73.70 72.41 73.54 72.90 72.49 
3 68.73 66.06 68.80 67.53 67.86 
4 63.61 61.30 63.89 62.73 63.34 
5 57.46 56.61 57.65 57.49 57.05 
6 53.44 52.19 53.76 52.07 52.47 
7 0.00 52.28 52.69 48.91 49.66 
8 0.00 51.24 51.46 46.60 45.87 
9 0.00 1.58 49.42 46.57 43.77 

10 0.00 0.00 0.50 47.18 12.05 
11 0.00 0.00 0.00 0.80 41.90 

Table 6.10: Two ring distribution. Percentage of available angular region when SINR 
threshold is greater than -35 dB. A E is operating in simple power minimization mode. 
L2 frequency band. 

202 



No. of Antenna Array 
interfering 

signals D l D7 B6 D8 D9 
0 100.00 100.00 100.00 100.00 100.00 
1 98.84 99.17 99.25 99.32 99.40 
2 96.96 97.97 98.16 98.36 98.49 
3 94.39 96.51 96.78 97.07 97.32 
4 88.69 93.84 94.36 95.00 95.33 
5 76.29 90.48 91.73 92.87 93.38 
6 52.13 86.12 88.32 89.78 90.77 
7 0.00 77.72 83.63 86.09 87.09 
8 0.00 56.61 74.49 80.13 82.25 
9 0.00 0.00 53.59 71.54 76.49 

10 0.00 0.00 0.14 53.67 67.19 
11 0.00 0.00 0.00 0.05 50.04 

Table 6.11: Two ring distribution. Percentage of available angular region when SINR 
threshold is greater than -35 dB. A E is operating in beam forming / null steering 
mode. L l frequency band. 

No. of Antenna Array 
interfering 

signals D l D7 B6 D8 D9 
0 100.00 100.00 100.00 100.00 100.00 
1 98.45 98.88 99.01 99.09 99.21 
2 95.85 97.16 97.50 97.75 98.00 
3 92.20 95.16 95.70 96.10 96.47 
4 86.36 91.38 92.53 93.18 93.83 
5 76.34 87.21 89.29 90.50 91.38 
6 53.46 81.23 84.63 86.36 87.80 
7 0.00 71.55 78.93 81.23 83.19 
8 0.00 51.54 68.21 73.04 76.93 
9 0.00 1.58 49.47 64.23 69.68 

10 0.00 0.00 0.54 47.35 59.21 
11 0.00 0.00 0.00 0.83 42.29 

Table 6.12: Two ring distribution. Percentage of available angular region when SINR 
threshold is greater than -35 dB. A E is operating in beam forming / null steering 
mode. L2 frequency band. 
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No. of Antenna Array 
interfering 

signals D2 DIO D l l D12 D13 
0 97.51 97.56 97.20 97.18 97.14 
1 85.60 86.87 87.47 87.36 88.12 
2 70.12 78.67 78.47 79.61 80.15 
3 71.28 71.30 74.35 75.08 75.89 
4 66.49 65.69 69.09 69.63 71.19 
5 61.38 62.15 64.40 65.25 00.75 
6 59.41 58.50 60.09 60.19 02.41 
7 0.00 58.49 60.63 59.99 61.53 
8 0.00 55.40 55.00 56.82 58.52 
9 0.00 0.00 56.82 55.21 57.13 
10 0.00 0.00 0.00 55.94 54.87 
11 0.00 0.00 0.00 0.24 54.36 

Table 6.13: One ring non-uniform distribution. Percentage of available angular re­
gion when SINR threshold is greater than -35 dB. A E is operating in simple power 
minimization mode. L l frequency band. 

No. of Ant enna Array 
interfering 

signals D2 D10 D l l D12 D13 
0 88.71 87.26 85.63 86.30 85.26 
1 70.72 77.59 77.51 79.01 79.29 
2 70.92 71.25 71.88 73.28 74.14 
3 64.61 65.86 67.02 68.91 70.04 
4 58.43 60.45 62.11 64.06 65.58 
5 54.20 54.44 57.02 58.95 60.22 
6 54.45 49.35 50.20 53.02 55.29 
7 2.22 50.40 49.23 51.64 53.68 
8 0.00 49.94 46.47 47.92 50.37 
9 0.00 1.28 49.12 48.77 49.49 

10 0.00 0.00 0.87 48.56 47.76 
11 0.00 0.00 0.01 0.93 48.28 

Table 6.14: One ring non-uniform distribution. Percentage of available angular re­
gion when SINR threshold is greater than -35 dB. A E is operating in simple power 
minimization mode. L2 frequency band. 
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No. of Antenna Array 
interfering 

signals D2 DIO D l l D12 D13 
0 100.00 100.00 100.00 100.00 100.00 
1 98.98 99.21 99.32 99.39 99.43 
2 97.38 98.06 98.28 98.49 98.58 
3 95.11 96.61 97.04 97.37 97.59 
4 90.71 94.09 94.74 95.45 95.91 
5 81.86 91.21 92.32 93.48 94.19 
6 59.48 86.36 89.03 90.81 92.02 
7 0.00 78.36 83.86 86.67 88.91 
8 0.00 55.45 75.51 81.23 85.10 
9 0.00 0.00 57.07 73.08 79.96 

10 0.00 0.00 0.00 56.12 72.44 
11 0.00 0.00 0.00 0.28 54.43 

Table 6.15: One ring non-uniform distribution. Percentage of available angular region 
when SINR threshold is greater than -35 dB. A E is operating in beam forming / null 
steering mode. L l frequency band. 

No. of Antenna Array 
interfering 

signals D2 D10 D l l D12 D13 
0 100.00 100.00 100.00 100.00 100.00 
1 98.68 99.05 99.20 99.36 99.37 
2 96.68 97.55 97.94 98.33 98.43 
3 93.96 95.71 96.33 96.90 97.24 
4 87.60 92.19 93.50 94.60 95.18 
5 77.12 88.44 90.65 92.44 93.23 
6 54.48 81.74 86.26 89.49 90.78 
7 2.23 71.03 79.61 84.99 87.13 
8 0.00 50.08 68.79 77.73 82.12 
9 0.00 1.28 49.17 68.08 75.74 

10 0.00 0.00 0.88 48.67 66.59 
11 0.00 0.00 0.01 0.93 48.43 

Table 6.16: One ring non-uniform distribution. Percentage of available angular region 
when SINR threshold is greater than -35 dB. A E is operating in beam forming / null 
steering mode. L2 frequency band. 
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No. of Antenna Array 
interfering 

signals D6 D9 D13 
0 97.05 93.55 97.14 
1 88.08 8-1.87 88.12 
2 80.08 78.58 80.15 
3 75.94 74.77 75.89 
4 70.94 70.62 71.19 
5 66.32 67.22 66.75 
6 61.33 62.00 62.41 
7 60.56 59.73 61.53 
8 57.47 54.51 58.52 
9 56.72 53.20 57.13 

10 54.72 49.93 54.87 
11 53.02 49.94 54.36 

Table 6.17: Comparison of 12 element distributions. Percentage of available angular 
region when SINR threshold is greater than -35 dB. A E is operating in simple power 
minimization mode. L l frequency band. 

No. of 
interfering 

signals 

Antenna Array No. of 
interfering 

signals D6 D9 D13 
0 86.05 86.12 85.26 
1 79.59 78.90 79.29 
2 74.40 72.49 74.14 
3 70.16 67.86 70.04 
4 65.62 63.34 65.58 
5 60.28 57.05 60.22 
6 55.11 52.47 55.29 
7 53.81 49.06 53.68 
8 50.49 45.87 50.37 
9 49.63 43.77 49.49 

10 48.36 42.05 47.76 
11 48.97 41.90 48.28 

Table 6.18: Comparison of 12 element distributions. Percentage of available angular 
region when SINR threshold is greater than -35 dB. A E is operating in simple power 
minimization mode. L2 frequency band. 
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No. of Antenna Array 
interfering 

signals DO D9 D13 
0 100.00 100.00 100.00 
1 99.43 99.40 99.43 
2 98.58 98.49 98.58 
3 97.59 97.32 97.59 
4 95.91 95.33 95.91 
5 94.17 93.38 94.19 
6 92.01 90.77 92.02 
7 88.80 87.09 88.91 
8 84.83 82.25 85.10 
9 79.70 76.49 79.96 

10 71.76 67.19 72.44 
11 53.27 50.04 54.43 

Table 6.19: Comparison of 12 element distributions. Percentage of available angular 
region when SINR threshold is greater than -35 dB. A E is operating in beam forming 
/ null steering mode. L l frequency band. 

No. of Antenna Array 
interfering 

signals D6 D9 D13 
0 100.00 100.00 100.00 
1 99.38 99.21 99.37 
2 98.44 98.00 98.43 
3 97.30 96.47 97.24 
4 95.32 93.83 95.18 
5 93.42 91.38 93.23 
6 91.00 87.80 90.78 
7 87.26 83.19 87.13 
8 82.38 76.93 82.12 
9 76.14 69.68 75.74 
10 66.79 59.21 66.59 
11 49.30 42.29 48.43 

Table 6.20: Comparison of 12 element distributions. Percentage of available angular 
region when SINR threshold is greater than -35 dB. A E is operating in beam forming 
/ null steering mode. L2 frequency band. 
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No. of 
interfering 

signals 

Antenna Array No. of 
interfering 

signals D2 D13 
0 97.51 97.14 
1 85.60 88.12 
2 76.12 80.15 
3 71.28 75.89 
4 66.49 71.19 
5 61.38 66.75 
6 59.41 62.41 
7 0.00 61.53 
8 0.00 58.52 
9 0.00 57.13 

10 0.00 54.87 
11 0.00 54.36 

Table 6.21: Comparison of 7 and 12 element distributions. Percentage of available 
angular region when SINR threshold is greater than -35 dB. A E is operating in simple 
power minimization mode. L l frequency band. 

No. of Antenna Array 
interfering 

signals D2 D13 
0 88.71 85.26 
1 70.72 79.29 
2 70.92 74.14 
3 64.61 70.04 
4 58.43 65.58 
5 54.20 60.22 
6 54.45 55.29 
7 2.22 53.68 
8 0.00 50.37 
9 0.00 49.49 

10 0.00 47.76 
11 0.00 48.28 

Table 6.22: Comparison of 7 and 12 element distributions. Percentage of available 
angular region when SINR threshold is greater than -35 dB. A E is operating in simple 
power minimization mode. L2 frequency band. 
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No. of Antenna Array 
interfering 

signals D2 D13 
0 100.00 100.00 
1 98.98 99.43 
2 97.38 98.58 
3 95.11 97.59 
4 90.71 95.91 
5 81.86 94.19 
6 59.48 92.02 
7 0.00 88.91 
8 0.00 85.10 
9 0.00 79.96 

10 0.00 72.44 
11 0.00 54.43 

Table 6.23: Comparison of 7 and 12 element distributions. Percentage of available 
angular region when SINR threshold is greater than -35 dB. A E is operating in beam 
forming / null steering mode. L l frequency band. 

No. of 
interfering 

signals 

Antenna Array No. of 
interfering 

signals D2 D13 
0 100.00 100.00 
1 98.68 99.37 
2 96.68 98.43 
3 93.96 97.24 
4 87.60 95.18 
5 77.12 93.23 
6 54.48 90.78 
7 2.23 87.13 
8 0.00 82.12 
9 0.00 75.74 

10 0.00 66.59 
11 0.00 48.43 

Table 6.24: Comparison of 7 and 12 element distributions. Percentage of available 
angular region when SINR threshold is greater than -35 dB. A E is operating in beam 
forming / null steering mode. L2 frequency band. 
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C H A P T E R 7 

C O M P A R I S O N O F S E L E C T E D G E O M E T R I E S 

This purpose of this chapter is to show the performance improvement one would 

obtain f rom moving f rom a planar surface (zero curvature), to a two inch high ge­

ometry (curvature relative to a sphere of radius ten inches), on up to a six inch high 

geometry (curvature relative to a sphere of six inches). 

7.1 Performance of 12 Element Antenna Arrays 

A l l antenna arrays investigated in this chapter contain twelve elements. Antenna 

array E l (Figure 7.1) is a planar geometry wi th the reference element located at the 

center of the aperture, and the remaining eleven elements distributed non-uniformly 

along the periphery. I t is noted that a twelve element planar antenna array w i t h the 

auxiliary elements distributed uniformly was also examined. The same conclusion 

was drawn as for the two inch high geometry. As the antenna aperture becomes 

filled It does not make much difference between distributing the antenna elements 

uniformly or non-uniformly. Antenna Array D13 (Figure 7.2) is the best selection 

f rom Chapter 6 and has one element located at the the top of the two inch high 

surface, and the other eleven elements are distributed non-uniformly along the outer 

ring at the bo t tom of the surface. Antenna array C l l (Figure 7.3) was selected as 

the best choice f rom Chapter 5 and has the reference element located at the apex of 

the six inch high surface, three elements along an inner ring that is 4.24 inches high, 

and the remaining eight elements located along the outer r ing around the bo t tom of 

the hemisphere. 
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Figures 7.4 and 7.5 show the A J performance of the three antenna arrays for the 

L l and L2 bands, respectively, i n the presence of six to eleven interfering signals. The 

antenna electronics is operating in the simple power minimization mode. In the L l 

band, one observes that antenna array C l l and D13 drastically outperform the planar 

antenna array E l , w i th antenna array C l l having the best A J performance. Similar 

results are also seen in the L2 band. Antenna array C l l has the best performance 

followed in sequential order by antenna arrays D13 and E l . Therefore, one should 

utilize the six inch high geometry of antenna array C l l i f the platform allows. 

Tables 7.1 and 7.2 show the percentage available angular region for which the 

output SINR exceeds -35 dB for the L l and L2 bands, respectively. The A E is 

operating in simple power minimization mode. For eleven incident interfering signals 

one observes antenna array D13 outperforms antenna array E l by approximately 23% 

in the L l band and approximately 5% in the L2 band. Furthermore, antenna array 

C l l outperforms antenna array E l by approximately 27% at L l band, and 14% at 

L2 band for eleven incident interfering signals. Also, i t is seen in directly comparing 

antenna array C l l and D13, that antenna array C l l outperforms antenna array D13 

by approximately 4% in the L l band and 9% in the L2 band. I t is shown that there is 

an advantage in moving f rom a planar surface to a non planar convex surface. Also, 

the larger the surface curvature the better A J performance that can be achieved. 

This wi l l allow a significant advantage in maintaining reception of low elevation angle 

satellites. 

Figures 7.6 and 7.7 display the performance while the A E is operating in beam 

forming / null steering mode for the L l and L2 band, respectively. A l l other param­

eters are the same as in Figures 7.4 and 7.5. For the both the L l and L2 bands, one 

notices that the same results hold true as for simple power minimization. Antenna 

array C l l performs the best followed by antenna arrays D13 and E l , in the given 

order, as expected. 

One can further refer to Tables 7.3 and 7.4 for the A E operating in beam forming 

/ null steering mode to yield a better idea of the exact percentage improvement of 

available angular region for which the output SINR exceeds -35 dB moving f rom 

antenna array E l to antenna array C l l . One notices that the performance does in 
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fact increase as one moves f rom a planar geometry up to a convex non planar two 

inch high geometry and even more so for the six inch high geometry. In fact, for the 

signal scenario where the antenna arrays are fu l ly constrained, antenna array D13 

yields a 22.54% improvement in the L l band and a 5.02% improvement in the L2 

band when compared against antenna array E l . I t is also seen that one can achieve 

an even greater performance increase for the six inch high geometry. Antenna array 

C l l outperforms antenna array E l by 27.28% in the L l band and 14.78% in the L2 

band. I t is seen that antenna array C l l outperforms antenna array D13 by 4.74% 

in the L l band and 9.76% in the L2 band. Also, comparing Tables 7.3 and 7.4 w i t h 

Tables 7.1 and 7.2 one sees significant performance improvement when the antenna 

electronics is operating in the beam forming / null steering mode. Therefore, i t is 

strongly advised to operate in the beam forming / null steering mode. 

7.2 Chapter Summary 

I t was shown that a significant performance improvement could be achieved by 

moving f rom a planar geometry up to a convex non planar antenna geometry w i t h 

larger curvature. Therefore, i f the pla t form allows, one should select the six inch high 

geometry. I t is strongly advised that the A E operates i n the beam forming / null 

steering mode to yield better A J performance. As a result, there is a trade off between 

attainable performance and hardware cost (antenna and antenna electronics). 
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(a) Top Down View (b) Gridded Surface 

Figure 7.1: Antenna Array E l . 

(a) Top Down View (b) Side View (c) Gridded Surface 

Figure 7.2: Antenna Array D13. 

Figure 7.3: Antenna Array C l l . 
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Figure 7.4: Performance of twelve element antenna arrays in the presence of six 
eleven interfering signals. A E is operating in simple power minimization mode, 
frequency band. 
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Figure 7.5: Performance of twelve element antenna arrays in the presence of six 
eleven interfering signals. A E is operating in simple power minimization mode, 
frequency band. 
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Figure 7.6: Performance of twelve element antenna arrays in the presence of six to 
eleven interfering signals. A E is operating in beam forming / null steering mode. L l 
frequency band. 
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Figure 7.7: Performance of twelve element antenna arrays in the presence of six to 
eleven interfering signals. A E is operating in beam forming / null steering mode. L2 
frequency band. 
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No. of Antenna Array 
interfering 

signals E l D13 C l l 
0 73.02 97.14 94.07 
1 65.94 88.12 89.42 
2 58.81 80.15 84.30 
3 53.06 75.89 81.17 
4 46.33 71.19 77.97 
5 40.95 66.75 75.07 
6 34.96 62.41 72.27 
7 32.27 61.53 68.94 
8 29.46 58.52 65.04 
9 28.80 57.13 63.64 

10 29.17 54.87 00.29 
11 31.34 54.36 58.08 

Table 7.1: Comparison of 12 element distributions. Percentage of available angular 
region when SINR threshold is -35 dB. A E is operating in simple power minimization 
mode. L l frequency band. 

No. of 
interfering 

signals 

Antenna Array No. of 
interfering 

signals E l D13 C l l 
0 80.36 85.26 96.29 
1 74.86 79.29 91.09 
2 70.57 74.14 86.29 
3 65.90 70.04 83.42 
4 61.36 05.58 79.53 
5 55.89 60.22 75.68 
6 50.82 55.29 72.09 
7 49.17 53.68 70.32 
8 45.89 50.37 68.01 
9 44.83 49.49 64.48 

10 42.95 47.76 60.47 
11 43.20 48.28 56.99 

Table 7.2: Comparison of 12 element distributions. Percentage of available angular 
region when SINR threshold is -35 dB. A E is operating in simple power minimization 
mode. L2 frequency band. 
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No. of Antenna Array 
interfering 

signals E l D13 C l l 
0 100.00 100.00 100.00 
1 99.15 99.43 99.79 
2 97.92 98.58 99.48 
3 96.38 97.59 99.05 
4 93.75 95.91 98.48 
5 91.26 94.19 97.73 
6 88.29 92.02 96.65 
7 84.11 88.91 95.00 
8 78.83 85.10 92.61 
9 70.96 79.96 88.51 
10 58.49 72.44 81.40 
11 31.89 54.43 59.17 

Table 7.3: Comparison of 12 element distributions. Percentage of available angular 
region when SINR threshold is -35 dB. A E is operating in beam forming / nul l steering 
mode. L l frequency band. 

No. of Antenna Array 
interfering 

signals E l D13 C l l 
0 100.00 100.00 100.00 
1 98.98 99.37 99.71 
2 97.43 98.43 99.28 
3 95.57 97.24 98.69 
4 92.55 95.18 97.75 
5 89.73 93.23 96.64 
6 86.35 90.78 95.09 
7 81.87 87.13 92.92 
8 75.99 82.12 90.07 
9 69.28 75.74 84.92 

10 60.09 66.59 77.43 
11 43.41 48.43 58.19 

Table 7.4: Comparison of 12 element distributions. Percentage of available angular 
region when SINR threshold is -35 dB. A E is operating in beam forming / nul l steering 
mode. L2 frequency band. 
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C H A P T E R 8 

S U M M A R Y , CONCLUS ION S AND F U T U R E W O R K 

8.1 Summary and Conclusions 

In this thesis, the performance of planar and non-planar adaptive antenna arrays 

operating at GPS frequencies in harsh interference environments consisting of multiple 

low elevation jammers was investigated. The main purpose of the antenna array 

design is to enhance their performance for improving reception of low elevation GPS 

satellites. A l l antenna array apertures studied in this work had similar projected 

area (looking f rom the top) of twelve inches. The selected individual antenna element 

was a RHCP dual band stacked microstrip patch antenna designed to operate at L l 

(1575.42 MHz) and L2 (1227.6 MHz) bands w i t h physical dimensions of 1.75" x 1.75" 

x 0.4". Rigorous electromagnetic modeling was carried out to include mutual coupling 

between the individual antenna elements as well as structure effects. A numerical E M 

code, F E K O , was utilized to calculate the in situ volumetric patterns of the various 

antenna elements used for this study. Furthermore, all incident signals (desired as 

well as interference) on the antenna arrays were assumed to be C W signals and the 

A E was assumed to be based on space-only processing. However, i t has been shown in 

[14] that the performance of multi- tap STAP based A E in the presence of wideband 

signals is almost identical to the performance of space-only processing in the presence 

of C W signals. Therefore, the conclusions of this thesis are also applicable to STAP 

based A E . Furthermore, the performance was examined using two adaptive algorithms 

constrained to minimize the tota l output power. The two adaptive algorithms are 

simple power minimization and beam forming / null steering. Also, the performance 
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metric of choice used to evaluate the anteima array performance is available angular 

region, which is defined as the percentage over the entire upper hemisphere for which 

the output SINR exceeds a selected value. This was calculated as the mean value 

over twenty-five independent trials for a given number of interfering signals. The 

interfering signals angle of arrival varied randomly f rom one t r ia l to the next ranging 

f rom —10° to +20° in elevation wi th at least 15° separation in azimuth. 

I n Chapter 3, i t was shown that distributing the elements on a convex non-planar 

surface w i l l lead to improved A J performance over planar as well as concave non-

planar surface. In fact, the concave non-planar antenna arrays do not even perform 

as well as the planar antenna arrays. Also, since non-planar antenna arrays have 

larger surface area, one can add more elements to these antenna arrays for further 

performance improvement and this was shown for an increase of seven to ten antenna 

elements. This was true for both the L l and L2 GPS frequencies while the A E was 

operating in both simple power minimization and beam forming / null steering mode. 

Furthermore, an antenna array requires N + l antenna elements to null N interfering 

signals, and A J performance always degrades w i t h an increase of interfering signals 

incident upon the antenna array. Also, in this chapter, i t was concluded that the 

beam forming / null steering algorithm has a significant performance advantage over 

the simple power minimization algorithm. This is due to the fact that beam forming 

/ null steering is able to point a beam (providing antenna gain) in the direction of 

the desired signal, while allowing the remaining degrees of freedom to null interfering 

signals; whereas, simple power minimization maintains the response of the reference 

element only and then uses the remaining degrees of freedom to null interfering signals. 

Since the reference element is a patch antenna distributed upon the top of a non-

planar surface, i t w i l l already have a poor response in the direction of GPS low 

elevation satellites making i t very difficult to receive them, especially in the presence 

of interfering signals. One may then think, why does one choose to use simple power 

minimization if their is a significant performance advantage in implementing beam 

forming / null steering? The reason why simple power minimization is utilized is 

because i t is low cost and requires no a priori knowledge of the desired signal direction 

or the antenna array response in the desired signal direction; whereas, beam forming 
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/ null steering is a high cost implementation that does require a priori knowledge 

of the desired signal direction as well as the antenna array response at the carrier 

frequency in the particular direction of the desired signal. Therefore, there is a 

trade off between attainable performance level and cost of the hardware (antenna 

and antenna electronics). 

In Chapter 4, i t was shown that for a convex non-planar antenna array, the larger 

the amount of curvature of the surface, the more A J performance improvement one 

can attain. This was shown f rom moving f rom a planar surface (zero curvature) 

up to a six inch high convex non-planar surface. The results held true for both L l 

and L2 GPS frequencies, as well as, both adaptive algorithms for the seven and ten 

element distributions investigated. Therefore, further examination of the six inch high 

geometry regarding the number of elements as well as the element distributions was 

the focus of Chapter 5. I t was concluded that the best distribution for the six inch 

high geometry was a two ring distribution, w i th a reference element located at the top 

of the hemisphere, and the remaining elements distributed between an inner ring of 

height 4.24 inches and an outer ring located along the bot tom of the hemisphere. The 

other distributions that were studied was a one ring distribution, w i th the reference 

element located at the apex of the hemisphere and the auxiliary elements placed 

uniformly around the periphery of the hemisphere, and a two ring distribution, w i t h 

a reference element placed at the top of the surface, and the remaining elements 

distributed either on an inner ring that was three inches high, or along an outer ring 

on the bot tom of the surface. Furthermore, i t was concluded that if the antenna 

electronics is operating in the beam forming / null steering mode, one can pack the 

aperture as much as possible resulting in improved A J performance. The l imi t ing 

factors of attainable A J performance are the physical size of the individual antenna 

elements and hardware cost (antenna and antenna electronics). I t is important to 

note that the physical size of the individual antenna elements can be reduced by 

selecting a higher dielectric constant substrate [2]. However, reducing the size of 

individual elements results in poorer performance w i t h respect to bandwidth as well 

as antenna gain. In the case of the A E operating in simple power minimization mode, 

i t was shown that the point of diminishing returns in regards to A J performance was 
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achieved around twelve elements. Therefore, i t was recommended that antenna array 

C l l (Figure 5.13) is selected as the best antenna array in regards to performance 

relative to both adaptive algorithms at the L l and L2 bands. Antenna array C l l has 

one element distributed at the top of the hemisphere, three elements located along an 

inner ring 4.24 inches high, and the remaining eight elements distributed uniformly 

along the bot tom of the surface. 

The six inch high surface is a possibility for ground or ship-board application; 

however, i t would not be desirable to the aerodynamic profile of an aircraft due to its 

physical size. Thus, the desired platform may not be able to tolerate a large height; 

however, one st i l l desires the performance advantage given by the convex non pla­

nar surface. Therefore, in Chapter 6 we investigated two inch high geometries. The 

antenna elements were distributed on a two inch high surface, while maintaining a 

curvature relative to a spherical surface of ten inches. Furthermore, i t was shown 

that as the antenna aperture becomes filled w i t h antenna elements, there is an ad­

vantage to placing the elements along one ring instead of two rings; however, there is 

not a significant advantage between distributing antenna elements uniformly or non-

uniformly. Again, we observed that when the antenna electronics is operating in the 

beam forming / null steering mode, increasing the number of antenna elements results 

in performance improvement. However, w i th respect to simple power minimization, 

there was not a significant increase in A J performance observed w i t h the addition of 

more elements. Moreover, i t was shown that when the antenna arrays were operating 

in the simple power minimization mode, they were able to more effectively null j am­

mers in the L l band than in the L2 band, which has to do w i t h the antenna aperture 

being electrically larger in the L l band. The recommended antenna array was D13 

(Figure 6.15), which contained twelve elements, w i t h one element at the top of the 

surface and the remaining elements distributed non-uniformly around the bot tom of 

the surface. 

As a result, the performance advantage one can achieve moving f rom a twelve 

element planar geometry to the two inch high and six inch high convex non planar 

geometries is shown in Chapter 7. I t is shown that the six inch high geometry dras­

tically outperforms the two inch high as well as the planar geometries for both the 
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L l and L2 bands. Also, i t concludes that the two inch high geometry significantly 

outperforms the planar geometry in the L l band; whereas, the improvement in the 

L2 band is only 4-6%. 

I n conclusion, i f one desires to achieve the best performance possible, irrespective 

of cost. One should select a convex non-planar geometry w i t h large curvature (i.e. 

six inch high geometry), fill the aperture as much as possible w i t h antenna elements 

and implement the antenna electronics in the beam forming / null steering mode. 

8.2 Future Work 

In this thesis, we investigated convex non planar antenna arrays w i t h all antenna 

elements being identical. The next step is to study the effect of directive (high gain) 

auxiliary elements. We st i l l want the reference element at the top of the surface to 

yield a broad pattern over the entire upper hemisphere in order to receive all satellite 

signals. However, since the surface is convex non planar, all the antenna elements are 

not oriented in the same direction. We think that directive auxiliary elements, which 

are t i l ted in the direction of low elevation signals, w i l l receive low elevation interfering 

signals w i t h a higher gain; as a result, the antenna array wi l l force a deeper, concise 

null in the incident jammer direction. This wi l l lead to a reduction in nulling the 

desired signal; thus, i t w i l l improve the antenna array A J performance. 

Hereafter, one should build and test the antenna arrays to verify the presented 

achievable A J performance using STAP based A E in the presence of real world wide­

band signals. Due to the fact that most current antenna electronics only provide 

seven or eight channels for L l and L2 band processing, the seven element antenna 

array should be buil t first. Moreover, we have demonstrated great promise for the 

two inch high and six inch high twelve element antenna arrays, and they should be 

constructed when future technology allows. 
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