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ABSTRACT 

This thesis involves a study of TMn1 circular microstrip antennas in planar controlled 

reception pattern antenna (CRPA) configurations, to spatially filter interfering signals in global 

positioning system (GPS) receivers. The main goals of the study are CRPA performance 

improvement and size reduction. Conventionally, planar CRPA designs consist of multiple 

dominant-mode right-handed circularly-polarized (RHCP) antenna elements. Various 

configurations of arrays consisting of multimode and/or dual-polarized antenna elements are 

considered in this work, their radiation characteristics studied analytically, and their 

performance in the presence of interferers is evaluated by studying their steady-state adaptive 

response through many Monte Carlo simulations of the interference environment. In this study, 

the number of array ports, and thus the number of degrees of freedom (DoF) are kept fixed to 

keep the computational requirement of each adaptive array design fixed and thus put the 

emphasis on the effects of the physical characteristics of the array on its performance. Two 

cases of array sizes are considered, one with nine ports (eight DoF) and one with four ports 

(three DoF). In each case, the performances of the arrays are evaluated in the presence of both 

RHCP and randomly-polarized interferers. 

First, it is shown that for the case of the nine-port CRPA array, utilizing dual-polarized 

elements (could be single-mode or multimode) in general leads to improvement in the 

performance of the array in the presence of randomly-polarized interferers. Furthermore, it is 

shown that utilizing dual-mode and dual-polarized TM21 elements alongside RHCP TM11 

elements in an array configuration, thus utilizing both polarization diversity and pattern 
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diversity, leads to performance improvements for all interference scenarios. Specifically, it is 

shown that the performance of the proposed dual-polarized dual-mode TM11-TM21 array is as 

good as or better than the non-planar spherical arrays which are the state-of-the-art in terms of 

CRPA performance. The proposed dual-mode array therefore, is a planar alternative to the 

bulky spherical arrays. 

Next, the case of a smaller CRPA array with four ports is studied and it is demonstrated 

that a stand-alone dual-polarized dual-mode TM11-TM21 antenna element is suitable for a very 

compact CRPA design, as its nulling resolution is independent of the size of the antenna 

beyond a certain miniaturization point. This is in contrast with a conventional dominant-mode 

antenna array whose nulling resolution degrades as the inter-element spacing is decreased. In 

this case, the polarization and pattern diversity of the multimode TM11-TM21 antenna is 

exploited to design an ultra-compact CRPA antenna. 

The issue of mutual coupling in the multimode CRPA configurations is studied 

qualitatively using the concept of beam coupling factor, and it is shown that the coupling can 

be made very small within a multimode TMn1 element, as well as between multiple TM11-TM21 

elements with about half-wavelength spacing.  

Finally, proof-of-concept of the proposed arrays are provided through full-wave 

simulation and measured fabrication results for three CRPAs: 1) The nine-port TM11-TM21 

array at GPS L1 band. 2) The four-port TM11-TM21 antenna at GPS L1 band. 3) A dual-

frequency version of the four-port TM11-TM21 antenna, operating at both GPS L1 and L2 

bands. 
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CHAPTER 1. INTRODUCTION 

1.1.   Preface 

In today’s technology, many applications rely on the propagation of radio frequency 

(RF) electromagnetic (EM) waves as a means of transmission or reception of information 

wirelessly. However, receiving systems are susceptible to the degradation of the signal-to-

noise ratio (SNR) due to the presence of radio frequency interference (RFI) and noise. The 

sources of RFI may be deliberate electronic countermeasures (ECM) or unintentional 

interference from other sources. Such degradation in SNR may be further intensified by the 

motion of the receiver system, multipath propagation effects and a dynamic interference 

environment. The increasing traffic in communication and radar systems and the ever-

increasing sources of RFIs, due to the allocation of the frequency spectrum to many new 

technologies therefore, highlights the importance of interference suppression studies [1].  

Various methods such as spread spectrum techniques, and in general time and 

frequency domain filtering are available to achieve interference mitigation in receivers with a 

single antenna element. Yet, a much greater interference rejection capability is possible by 

adopting antenna arrays. An antenna array consists of several independent transmitting or 

receiving elements, which in comparison to a single antenna, provides additional degrees of 

freedom (DOF) for spatial filtering of the EM waves [2]. 
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The response of an antenna array may be fixed or it may also be adaptively changed to 

optimize the performance of the receiver in a dynamic environment. Adaptive antenna arrays 

are therefore specifically useful for dynamic situations, since their radiation characteristics are 

automatically adjusted to achieve the best performance. Such arrays require real-time signal 

processing capabilities, which add to the complexity and cost of the systems in comparison 

with the fixed-response arrays. However, the added cost and complexity is less problematic 

with the recent advances in hardware design. 

Adaptive antennas generally have many applications in smart wireless communication 

systems and radars. In this thesis, the main application considered is that of the global 

positioning systems (GPS). By providing positioning, navigation and timing (PNT) data, GPS 

has numerous applications in marine navigation, precision aviation approach and landing, 

space navigation and virtual launch ranges, low earth orbit (LEO) space applications, vehicle 

tracking and driverless cars, precision agriculture, geodesy, surveying and mapping, 

atmospheric sciences, civil engineering structure monitoring, medical tracking, disaster 

management, precision timing for banking, stock markets and mobile communication 

networks, and many other areas in science and technology [3].  

Aside from the GPS, other satellite systems such as the European Union’s Galileo, 

Russia’s GLONASS, China’s Compass/Beidou, the Indian regional navigation satellite system 

(IRNSS) and Japan’s quasi zenith satellite system (QZSS) are also either operational, or under 

development and upgrade, forming a global navigation satellite system (GNSS). The focus of 

this thesis is on GPS, but the general results are applicable to the other satellite systems because 

the receiver requirements for the different satellite systems are mostly similar. 
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The electromagnetic waves carrying the GPS signals, which are radiated by the 

antennas on the medium earth orbit (MEO) satellites from an approximate 20000 km above 

the earth surface, are very weak in power when reaching the surface of the earth, resulting in 

an SNR in the range of -20 dB to -30 dB [4]. Using code division multiple access (CDMA) 

technique, which involves multiplying the navigation and timing data with a pseudorandom 

noise (PRN) code when transmitted by the satellites and similarly in the receivers by the same 

PRN code to extract the data, a processing gain of about 43 dB is achieved [5] to extract the 

signal buried in noise. Although this processing gain protects the receivers from many low-

power interfering signals, it may not be enough if the interfering signal power is larger than 

some threshold value. Since the SNR is already very low, the threshold interference value that 

can thwart a receiver is not very high and therefore the GPS receivers are specifically 

susceptible to RFI. For instance, a 3W transmitter can jam any civilian GPS receivers within a 

radius of 8 km [4].  

The presence of RFI is one of the most important issues that GPS receivers face today, 

since it can easily cause inaccurate navigation results or complete loss of receiver tracking. 

Given the importance of the GPS for the technology today, any threats to it can lead to huge 

financial losses or catastrophic consequences in the critical applications such as automatic 

landing systems. RFI mitigation in GPS and GNSS has therefore been studied thoroughly in 

the recent decade [6] and was recently the topic of a special issue of the IEEE proceedings 

(issue 6, June 2016). An overview of the RFI issue in GPS and its potential mitigation 

techniques can be found in [7].  

One of the most robust solutions to the interference problem in GPS and GNSS is using 

adaptive antenna arrays. In fact, multiple papers in the aforementioned IEEE proceedings issue 
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are dedicated to the array solutions [8]–[13], which is a testament to their importance in RFI 

mitigation. 

It is important to mention a few remarks about the nature of RFI. Some interfering 

signals are not correlated (in a statistical sense) to the GPS signals, and can originate from 

intentional jammers or many unintentional sources including technologies working in the same 

frequency band as the GPS receivers, such as distance measuring equipment (DME), tactical 

air navigation (TACAN) and downlink of satellite communication services (e.g. Inmarsat) [14, 

pp. 243–247], and also harmonics of signals from technologies working outside the GPS 

frequency band. Furthermore, the intentional interfering signals may be narrowband or 

wideband with any waveform in the time domain.  

On the other hand, interfering signals with weak to strong correlation with the actual 

GPS signals are also a concern. The most important source of such RFIs is the multipath 

components of the desired GPS signals, which are copies of the desired signal reflected by 

large objects (such as the antenna platform) around the antenna and received by it [14, pp. 279–

295]. The multipath components could be weaker than the direct line-of-sight (LOS) signal or 

even stronger than it in cases where due to an obstacle, the LOS signal is weakened; a 

phenomenon referred to as shadowing. Another type of RFI where the interfering signal is 

correlated with the desired GPS signal happens in the case of spoofing, where a transmitter 

mimics a satellite and broadcasts a fake GPS signal towards a receiver. If done properly, the 

interfering broadcaster can persuade the receiver to lock on its signal instead of the satellite, 

finally sending erroneous navigation data to distract the receiver.  
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Although antenna arrays have been shown to be useful for mitigating both spoofing 

and multipath effects [11], [15], the work in this thesis is focused on the first type of RFI, i.e. 

signals uncorrelated to the GPS signals. 

1.2.   GPS Frequency Bands 

The frequency band of GPS (and GNSS in general) lies in the L-band (1 to 2 GHz) 

where the wavelengths at the operating frequencies are between 15 cm and 30 cm. More 

specifically, GPS has three different frequency bands within the L-band, namely L1, L2 and 

L5. The center frequencies of each band, given in Table 1-1 [16], are the frequencies of the 

carriers which modulate the PRN code and the navigation data.  

Two main types of PRN codes are transmitted, the coarse/acquisition (C/A) code which 

is for civilian use and has a chipping rate of 1.023 Mbps and the precision code P(Y) (also the 

M-code in the most recent systems) with a 10.23 Mbps chipping rate which is used for military 

[16]. The actual navigation data is a 50 bps message and therefore the bandwidth requirement 

for the receiver system is mainly dependent on the PRN code. The bandwidth requirement for 

the antenna is dependent on whether the receiver is intended for civilian or military use. For 

instance, at the L1 band, the antenna must have a 24 MHz bandwidth or equivalently a 1.5 % 

fractional bandwidth (bandwidth divided by the center frequency) for military purposes but a 

2 MHz bandwidth, or 0.1% fractional bandwidth, is sufficient for civilian use.  

Furthermore, a single frequency band is enough to extract the full navigation data in a 

receiver, but as stated in the US government's GPS website [17], access to the data from 

multiple bands at the same time allows for ionospheric correction and greatly enhances the 
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accuracy and reliability of service. Most of the antennas being designed today are either dual-

band, tri-band or cover the entire L-band. 

Table 1-1   GPS frequency bands, their respective codes and the approximate required bandwidths of 

those codes. 

Sub-band Center Frequency 

(GHz) 

Code Approx. Bandwidth 

L1 1.575 C/A 2 MHz 

L1C 4 MHz 

P(Y) 24 MHz 

M 30 MHz 

L2 1.227 L2C 2 MHz 

P(Y) 24 MHz 

M 30 MHz 

L5 1.176 L5 24 MHz 

 

1.3.   GPS Antennas 

A GPS receiver antenna must meet several requirements. First, the antenna must be 

able to efficiently receive right-handed circularly-polarized (RHCP) EM waves, which is the 

polarization of the waves radiated by the satellites. Circular polarization (CP) is preferred in 

GPS, and in fact in most satellite-to-ground communication systems since it doesn’t require 

polarization alignment of the transmitting and receiving antennas, as opposed to linearly-

polarized (LP) antennas. Also, LP components undergo some changes when passing through 

the ionosphere, which would make alignment even more difficult and unpredictable. 

Furthermore, adoption of CP helps the antenna reject multipath components of the wave 
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reflecting from the ground, since a RHCP wave transforms into LHCP upon reflection from a 

perfect electric conductor (PEC) [4, p. 5]. 

In the spherical coordinate system, the electric field radiated by an antenna, in its far 

field region, can be written as the sum of the two linear components as 

 �⃗⃗�(𝑟, 𝜃, 𝜙) =
𝑒−𝑗𝑘0𝑟

𝑟
[𝐸𝜃(𝜃, 𝜙)𝜃 + 𝐸𝜙(𝜃, 𝜙)�̂�] (1) 

where 𝑟 is the radial distance to the point of observation in the far-field, 𝑘0 is the wavenumber 

in free space, 𝐸𝜃 and 𝐸𝜙 are complex-valued functions (phasors that represent the time-

harmonic fields with a 𝑒𝑗𝜔𝑡 time convention) of the observation angles 𝜃 and 𝜙. Similarly, the 

same field can be written as the sum of two orthogonal CP components as 

 �⃗⃗�(𝑟, 𝜃, 𝜙) =
𝑒−𝑗𝑘0𝑟

𝑟
[𝐸𝑅(𝜃, 𝜙)�̂�𝑅 + 𝐸𝐿(𝜃, 𝜙)�̂�𝐿] (2) 

where 

 

{
 

 �̂�𝑅 =
1

√2
(𝜃 − 𝑗�̂�)

�̂�𝐿 =
1

√2
(𝜃 + 𝑗�̂�)

 
(3) 

are the unit vectors for the RHCP and LHCP components respectively. From (1), (2) and (3) 

we have 

 

{
 

 𝐸𝑅 =
1

√2
(𝐸𝜃 + 𝑗𝐸𝜙)

𝐸𝐿 =
1

√2
(𝐸𝜃 − 𝑗𝐸𝜙)

 
(4) 

In general, the tip of the instantaneous electric field vector in the far-field region, where 

it can be locally considered a plane wave, traces an ellipse in the plane perpendicular to the 
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direction of propagation, as a function of time. The ellipse has a tilt angle τ with respect to the 

coordinate system. An example is shown in Figure 1-1 for a wave propagating in the z 

direction. The axial ratio (AR) is defined as the ratio between the magnitude of the major radius 

to the minor radius of the ellipse as 

 𝐴𝑅(𝜃, 𝜙) = ±
𝑂𝐵

𝑂𝐴
 (5) 

where the plus sign is applied for the counter-clockwise or right-handed rotation and the minus 

sign is applied for a clockwise or left-handed sense of rotation (when observed in the direction 

of propagation). In terms of the CP components of the radiated fields, the axial ratio is given 

by [18]  

 𝐴𝑅(𝜃, 𝜙) =
|𝐸𝑅(𝜃, 𝜙)| + |𝐸𝐿(𝜃, 𝜙)|

|𝐸𝑅(𝜃, 𝜙)| − |𝐸𝐿(𝜃, 𝜙)|
 (6) 

 

 

 

 

 

Figure 1-1   The general polarization of an EM wave propagating in the z direction is described by an 

ellipse. 

The concept of polarization is important since, to maximize the reception of energy by 

an antenna, the polarization of the incident plane wave should match that of the receiving 

antenna. This is characterized by the polarization efficiency, defined as [19, pp. 117–147] 

O 
y 

x 

τ 
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 𝑝(𝜃, 𝜙) =
𝑃𝑟

𝑆𝑖𝑛𝑐𝐴𝑒(𝜃, 𝜙)
 (7) 

where 𝑆𝑖𝑛𝑐 is the power per unit area (intensity) of the incident plane wave measured in 𝑊/𝑚2, 

𝑃𝑟 is the power received by the antenna in 𝑊, and 𝐴𝑒(𝜃, 𝜙) is the angle-dependent effective 

aperture area given by 

 𝐴𝑒(𝜃, 𝜙) =
𝜆0
2

4𝜋
𝐺(𝜃, 𝜙) (8) 

where 𝐺(𝜃, 𝜙) is the antenna gain and 𝜆0 is the free-space wavelength.  

A useful parameter which is referred to as the polarization-phase vector is defined as 

 �̂� =
�⃗⃗�

|�⃗⃗�|
 (9) 

where the magnitude of a complex valued vector is defined as square root of the dot-product 

of it with its complex conjugate (|�⃗⃗�| = √�⃗⃗� ∙ �⃗⃗�∗). Based on the polarization-phase vector, 

which encapsulates all the polarization information without the intensity information, the 

polarization efficiency is given by [19] 

 𝑝(𝜃, 𝜙) = |�̂�𝑖𝑛𝑐 ∙ �̂�𝑎(𝜃, 𝜙)|
2 (10) 

where the subscript 𝑖𝑛𝑐 denotes the incident plane wave and subscript 𝑎 denotes the receiving 

antenna. Note that in (10), both polarization wave vectors are stated in the same coordinate 

system, i.e. the same coordinate system is used for both transmission and reception. The 

polarization efficiency is maximum (equal to 1) when the polarization of the antenna matches 

that of the incident wave. For GPS applications, this happens if the transmitting antenna on a 

space vehicle (SV) and the receiving antenna are purely RHCP, i.e. with 0 dB AR. In reality, 
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the satellite antennas are required to maintain their AR less than a maximum value in the range 

1.2 dB to 2.2 dB, in their main earth coverage beam, i.e. from nadir to edge of earth angle, 

generally around 14°.  

The receiver antennas are usually required to maintain an AR below 3 dB in a much 

wider angular space, e.g. from zenith down to 5°-10° in elevation [4, p. 15] (known as the 

masking angle). The typical values of AR of the receiver antennas are usually very good at 

zenith, but degrades for lower elevation angles. The required coverage angles are depicted in 

Figure 1-2, for a satellite and a terrestrial receiver. 

 

 

 

 

 

Figure 1-2   The angle of coverage for a satellite (dashed lines) and a receiver on the surface of the earth 

(solid lines). 

 

Note that an LP antenna still receives an RHCP GPS signal, but with a lower strength, 

compared to a RHCP antenna (exactly 3 dB lower according to (4)). This 3-dB loss may not 

be significant compared to the CDMA processing gain available to the receiver, in which case 

the LP antenna may be preferred due to its simpler design. In fact it has been shown in [20] 

that in urban environments where the multipath components are significant, using an LP 

antenna for the receiver results in similar performance as using a CP antenna. 

28° 

5°-10° 
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The next consideration for a GPS receiver antenna is the gain. The gain as used in (8) 

to define the effective aperture size, is given by [21] 

 𝐺(𝜃, 𝜙) = 𝜂𝑟𝐷(𝜃, 𝜙) (11) 

where 𝜂𝑟  is the radiation efficiency, which accounts for the effects of the conductor and 

dielectric losses in the antenna structure, as well as the impedance mismatch to the feeding 

line, and 𝐷(𝜃, 𝜙) is the directivity defined as the ratio of the radiation intensity to the intensity 

of an isotropic antenna, radiating the same power, i.e.  

 𝐷(𝜃, 𝜙) =
4𝜋 [|𝐸𝜃(𝜃, 𝜙)|

2 + |𝐸𝜙(𝜃, 𝜙)|
2
]

∫ ∫ [|𝐸𝜃(𝜃, 𝜙)|2 + |𝐸𝜙(𝜃, 𝜙)|
2
] sin 𝜃 𝑑𝜃𝑑𝜙

𝜋

0

2𝜋

0

 (12) 

The unit for directivity and gain is dBi, which indicates that the values are defined compared 

to an isotropic source.  

The directivity and gain functions lack the information about the phase and 

polarization. So considering the polarization-phase vector in (9), the gain/directivity of each 

polarization component can be defined separately. For example, the RHCP gain is represented 

by 

 𝐺𝑅𝐻𝐶𝑃(𝜃, 𝜙) = 𝐺(𝜃, 𝜙)|�̂�𝑅𝐻𝐶𝑃 ∙ �̂�𝑎(𝜃, 𝜙)|
2 (13) 

which is sometimes stated in dBic, to distinguish it from a LP antenna gain. From (7) and (8), 

the power delivered by an antenna to a load, is given by 

 
𝑃𝑟 =

𝜆2

4𝜋
𝑆𝑖𝑛𝑐𝐺(𝜃, 𝜙)|�̂�𝑖𝑛𝑐 ∙ �̂�𝑎(𝜃, 𝜙)|

2 

, 

(14) 
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so the received power is directly proportional to the antenna total gain, as well as the 

polarization efficiency. 

As mentioned earlier, the GPS receiver antenna pattern should cover the entire upper 

hemisphere down to the masking angle. Since the angular directions of the satellites are usually 

random, it is desired for the antenna radiation pattern to be as uniform as possible. The pattern 

uniformity directly affects the dilution of precision (DOP), which is a measure of the 

confidence level in the accuracy of the navigation [4]. In general, four satellites are required to 

be in view for the receiver to successfully determine its location. If the satellites in view are 

clustered in a small region of the sky, a poor DOP is resulted. The best DOP is achieved when 

the satellites in view are distributed angularly as far to each other as possible in the upper 

hemisphere. This however means that some of the satellites may be close to horizon, which 

results in a challenge in the antenna design. 

An (lossless) antenna with an ideal uniform radiation pattern in the upper hemisphere 

and no radiation in the lower hemisphere has a 3 dBi gain. Most GPS antennas have a 

maximum gain at zenith, and the gain then rolls off for the lower elevation angles. The roll-off 

rate is different for different antennas. For instance, quadrifilar helix antennas are known to 

have a slower roll off rate and therefore have considerable radiation below the masking angle. 

Since the overall performance of a receiver depends on the digital signal processing (DSP), as 

well as the plane wave intensity 𝑆𝑖𝑛𝑐, there is no definite minimum required gain for the 

antenna. There are however general guidelines, for example, a minimum of -4.5 dBi to -5.5 

dBi at 5° elevation angle for airborne antennas and -2.5 dBi at 10° elevation, for terrestrial 

receivers. 
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Other important parameters for GPS antennas are the phase center, group delay and 

antenna-induced errors in the GPS navigation. They are however out of the scope of this work, 

as the main contributions of this work concern the polarization and gain patterns. 

1.4.   Controlled Reception Pattern Antennas 

The general structure of a receiver with a single antenna element is shown in Figure 

1-3. The response of the antenna element is denoted by 𝐴(𝜃, 𝜙, 𝑓) which is a function of the 

angular directions in the spherical coordinates and frequency. The vector sign is to emphasize 

that the antenna response also depends on the polarization of an incident EM wave. The signal 

received by the antenna is passed through an RF front-end stage whose response is denoted by 

𝐹(𝑓). Finally, the signal is fed to a DSP unit which calculates the position, velocity and time 

(PVT) solution. A single antenna element's response in this case is fixed, and therefore the 

antenna is called a fixed reception pattern antenna (FRPA). In a receiver with an FRPA 

therefore, all the interference mitigation can only be applied in the DSP unit. 

On the other hand, a receiver can be equipped with multiple antenna elements, as shown 

in Figure 1-4. In this case, the signals received by the individual antenna elements are 

multiplied by complex coefficients 𝑤∗, and then summed. The overall response of the array 

can be controlled by changing the complex coefficients, thus the array is called a controlled 

reception pattern antenna (CRPA).  

For example, consider the scenario where multiple interferers and satellites are present, 

as shown in Figure 1-5. The Figure 1-5 (a) shows the radiation pattern of a receiver with FRPA, 

which is more or less uniform in the upper hemisphere (0° < 𝜃 < 90°), thus receiving the 
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interferers and satellite signals alike. The radiation pattern of the CRPA on the other hand, has 

nulls directed towards the interferers to suppress their effect and the main lobes directed 

towards the satellites to maximize their reception. The complex coefficients in a CRPA are 

adaptively changed by a processor with an adaptive algorithm, to account for the changes in 

the environment and the position of the interferers. This is referred to as null-steering and/or 

beamforming. 

In general, the complex weights may be functions of the frequency, in which case they 

are implemented by time or frequency domain filters. Such systems are referred to as a space-

time adaptive processor (STAP) and a frequency-space adaptive processor (SFAP) 

respectively. The benefit of the time and frequency filtering is the more flexibility of the 

processor in suppressing interferers in the space-time or space-frequency domains. For some 

applications where the signals are sufficiently narrowband, the complex weights with a fixed 

frequency response are adequate. The processor then only does spatial filtering, and is referred 

to as a space adaptive processor (SAP).  

A SAP with N independent ports (or channels) has N-1 DOF for nulling interferers. 

The number of DOF is not necessarily equal to the number of the physical antenna elements, 

since orthogonal polarizations and orthogonal modes may radiate from the same antenna 

element. 

Note that since the system in Figure 1-4 is linear, the complex weights may be applied 

at any stage in the system, and therefore there are several other architectures for the adaptive 

processor [9]. For instance, the beamforming operations may be done entirely at the RF stage, 

in which case the output of the beamformer can be fed directly into a conventional receiver. In 

such an architecture, the same beamforming is applied to all the satellites in view and the 
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processor is a single-output type processor. Alternatively, the beamforming can be done after 

the RF front-end stage (as in Figure 1-4), or even after the correlation stage. For such 

architectures, a conventional receiver cannot be used, and custom hardware must be designed. 

In addition, in a custom-made hardware, it is possible to incorporate additional beamformers 

to track each satellite independently, in which case the processor is referred to as a multiple-

output processor. There is therefore, a trade-off between the complexity and cost of the systems 

and their capabilities.  

Various physical features of an antenna array affect its performance for interference 

suppression. These include the antenna element type, array geometry, inter-element spacing 

and total size of the array [8]. In addition to these physical features, the performance is also 

highly dependent on the adaptive algorithm used to determine the array weights. The 

performance of an adaptive algorithm depends on its complexity, and whether it requires a 

priori knowledge of the desired signals or their direction of arrival (DOA) is available. Since 

both the physical aspects and the signal processing aspects of the CRPAs are important, we 

attempt to consider both, but more emphasis is placed on the former. 

 

Figure 1-3   Architecture of a GPS receiver with a single antenna, i.e. an FRPA. 
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Figure 1-4   Architecture of a GPS receiver with an adaptive antenna array, i.e. a CRPA. 

  

                             (a)                              (b) 

Figure 1-5   A conceptual depiction of the radiation patterns of a (a) FRPA and (b) CRPA in the presence 

of the satellites and interferers. 
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1.5.   CRPA Literature Review 

The desirable physical features for an antenna array are small size, light weight and 

easy fabrication process. Perhaps the most common antenna elements used to design CRPAs 

are microstrip patch antennas. The advantages of such antennas are their low-profile, easy and 

low-cost fabrication. The low profile of a patch antenna is desirable for many applications, 

such as the ARINC 743 standard used in avionics, which requires the antenna to fit into a form 

factor of 4.7″×3″×0.73″ (11.9×7.6×1.85 cm3) [4, p. 66].  

A number of patch antenna arrays have been designed and studied in the past decade, 

mostly developed for military applications. In [22], an array of four circular microstrip antenna 

elements with a total footprint of 5.25″ (13.3 cm) diameter was designed. Each element worked 

at two frequency bands of L1 and L2 with typical gains of 2-3 dBi and the element separation 

was 0.38 𝜆0 (at the lowest frequency). This antenna array was intended to be a miniaturized 

alternative to the 14.2″ GAS-1 array developed by Raytheon [23].  

Another example is the 7-element antenna array with a 7″ (17.8 cm) diameter designed 

in [24]. Each element was a square patch with 1.1″ (2.8 cm) width/length and the inter-element 

spacing is 1.7″ (4.3 cm or 0.23 𝜆0 at the L1 frequency band). A hemispherical dielectric 

superstrate in the form of a lens, was placed on top of the array to reduce the electrical inter-

element spacing to 0.5 𝜆 inside the dielectric medium. Later in [25], a similar array but with a 

smaller diameter of 5.3", with 7 dual-band patch antenna elements was designed. This method 

of array miniaturization is effective; however, the hemispherical dielectric superstrate adds to 

the height and weight of the array significantly. 
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Aside from the efforts in [24]-[25], the focus in the research on antenna array 

miniaturization, has been on reducing the individual element sizes, since smaller elements can 

be placed closer to each other in an array, thus reducing the overall array size. A review of the 

state-of-the-art in antenna element miniaturization is as follows. 

In [26], a dual-band microstrip element with an overall diameter of 33 mm was 

designed. The antenna consisted of two patches on two high-dielectric constant dielectric pucks 

of permittivities 𝜖𝑟 = 16 and 𝜖𝑟 = 30, for the L1 and L2 bands respectively. The designed 

element had a thickness of 16 mm.  

In another design in [27], a dual-band element was designed, consisting of a single 

patch on a dielectric puck with a permittivity of 𝜖𝑟 = 40. Dual-band operation was achieved 

by a meandered slot in the patch to excite a slot mode radiation in the L1 band, as well as the 

patch mode in the L2 band. The diameter of the designed antenna was 25.4 mm and its 

thickness was 11.2 mm. An array with four such elements was also demonstrated in [27] with 

a maximum side length of 11.7 cm.  

Another technique recently reported in [28] to miniaturize a patch antenna is using 

shorting-probe loading. A dual-band antenna was designed using this technique with overall 

side length of 28 mm and a height of 13 mm using a low-dielectric constant of 𝜖𝑟 = 2.65. The 

advantage of this design is that it does not require a high-dielectric constant material, therefore 

reducing the fabrication costs. The structure of the antenna is however complex due to the 

complex 3-D features. 

As a result of the extensive research in the past decade, the size of individual antenna 

elements has been shrunk to about 0.1 𝜆0 (at the lowest frequency band), enabling dense arrays 
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with extremely small apertures, for example as in [27]. It also seems that the element 

miniaturization is approaching its limit, since there are fundamental limitations on the gain and 

bandwidth of the antenna as its size is reduced [29], [10]. New ideas are therefore needed for 

the any further array miniaturization. 

Although the state-of-the-art antenna arrays developed so far may satisfy the form 

factor for some applications, their performance may not be adequate. For instance, with very 

small element spacings (< 0.3 𝜆0), the mutual coupling levels between the elements could be 

very high. Although moderate levels of mutual coupling between the elements has been shown 

to not significantly affect the nulling performance of an adaptive antenna array [30] (as long 

as STAP is used with wideband interferers), high mutual coupling levels decrease the active 

realized gain of the individual antenna elements, leading directly to a decrease in the signal-

to-interference-and-noise (SINR) at the output of the adaptive array [30], [31].  

Several attempts have been reported in reducing the mutual coupling levels between 

the elements in a tightly-packed small array. In [32], the mutual coupling between microstrip 

antenna elements in a four-element array with 0.27 𝜆0 inter-element spacing (at the lowest 

frequency), was reduced by utilizing broadside-coupled split ring resonators (BC-SRRs). It 

was shown that by aligning the BC-SRRs axes with the magnetic field component of the 

electromagnetic field coupled between the elements, a reduction of 3 dB in the mutual coupling 

level can be achieved (The maximum mutual coupling was -7 dB which was reduced to -10 

dB).  

In [33], the mutual coupling between each two elements of a 2×2 array of dual-band 

microstrip antennas, with an inter-element spacing of 0.2 𝜆0, was reduced by placing a metallic 
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fence between the elements. The reduction level from this technique was reported to be around 

5 dB from -5 dB to -10 dB at the lowest frequency of operation. The metallic fences used to 

isolate the elements however increase the height of the array. 

Another important issue which is faced specifically by planar arrays of microstrip 

antenna elements, and is not limited to small-aperture arrays, is the lower null resolution of 

such arrays at the lower elevation angles. This is partly due to the gain taper of each individual 

element, since a patch element excited in the dominant mode has a broadside radiation pattern 

with its maximum at the zenith and a diminishing gain at angles approaching horizon. The 

lower null resolution at the low elevation angle region is problematic for sensitive applications 

where the availability of service is of great importance, and as mentioned before, for a better 

DOP and accuracy of positioning.  

One technique to improve the gain roll-off issue of an array of microstrip elements and 

increasing its scan range is to place the elements on a non-planar surface. This is depicted in 

Figure 1-6 (b), showing an array of microstrip antennas on a convex surface. To reduce the 

complexity of fabrication, the surface could also be made faceted, i.e. consisting of planar 

sections as shown in Figure 1-6 (c). This method has been shown to improve the scan range of 

the array at the expense of lower overall maximum achievable gain [34], [35]. The reduced 

gain compared to a planar array is because the maximum gain of each element does not happen 

at the same angle anymore. 
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(a) Planar array (b) Curved array (c) Faceted array 

Figure 1-6   Different geometries of arrays with microstrip antenna elements. 

 

Non-planar geometries have also been shown to improve the performance of GPS 

CRPA arrays. In [36], the effect of the curvature of a seven-element patch antenna array, with 

a diameter of 𝜆0, was studied. It was shown that when six microstrip patch elements are placed 

on the equator of a hemisphere along with a reference element placed on top of the hemisphere, 

the most uniform SINR can be achieved in the upper hemisphere. In [37], a similar spherical 

array of seven microstrip patch elements, with six elements on the equator and a reference 

element on top was studied. In another work [38], it was shown that by placing two sub-arrays 

of patch elements, with a height difference on a hypothetical sphere, but not conformal to it, 

performance of the array at low elevation angles can be improved.  

The obvious drawback of non-planar array configurations is the higher profile, which 

may not be desirable due to aesthetics, limited space for antenna installation, or other 

practicalities (e.g. antennas on an aerial are desired to be conformal to the surface to avoid air 

drag). 

There are a few studies which attempted to increase the gain of a dominant mode GPS 

microstrip antenna element, without resorting to non-planar configuration. In [39] for instance, 

a stacked patch antenna configuration is used to obtain an average gain of -1.7 dBi at 𝜃 = 75∘, 

which was shown to be higher by 1.2 dB compared to a single patch. Another example is [29] 
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in which the gain enhancement at lower elevation angles was achieved using radiating slots in 

the ground plane between the patch elements. The gain improvements from these techniques 

are small and the performance of the CRPA array is usually not rigorously studied in the 

presence of interferers. 

Another method which addresses the gain roll-off issue is to utilize antenna elements 

with reconfigurable radiation patterns [40], [41]. In such arrays, the antenna elements are 

designed such that the maximum gain of each antenna can be switched between a limited 

number of states, allowing for an increase in the range of main beam scanning without a 

significant reduction of the overall gain. A conceptual drawing of this method is given in Figure 

1-7. Such arrays require additional circuitry integrated in the antenna, such as bias lines and 

diodes to implement the switching mechanism, adding to the complexity and cost of the 

fabrication. 

   

(a) State 1 (b) State 2 (c) State 3 

Figure 1-7   Different states of a planar array with pattern reconfigurable antenna elements. The 

maximum gain of each element can be switched to different directions, providing increased scan range.  

 

Another method to increase the scan range of an arrays is to include multimode antenna 

elements in the array [42], [43]. A multimode antenna element in this context, is referred to an 

antenna which has multiple ports where each port excites a different radiating mode of the 

structure. All the radiating modes are excited at the same frequency and utilized together for 

beamforming.  
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An example of a multimode element is a circular microstrip antenna configuration 

consisting of multiple stacked patches, each excited at a TMn1 mode, where the subscript 𝑛 is 

the azimuthal variation. The radiation pattern associated with the different modes are 

conceptually shown in Figure 1-8 (b). As shown, the first dominant TM11 mode has a broadside 

radiation pattern whereas the higher-order TMn1 modes have a null at the boresight and produce 

a conical radiation pattern, where the maximum of the beam approaches horizon as the order 

𝑛 increases. 

The first work that can be found in the literature to use a multimode antenna element 

for beam-steering applications is [44], in which the first four TMn1 modes of the circular 

microstrip antennas were utilized to design a novel antenna capable of beam-switching in the 

horizontal plane without the need for any phase shifters. It was shown that multiple 

independent beams could be achieved by means of feeding the structure at different azimuthal 

angles. Much later, a similar work was reported in [45], in which the first three TMn1 modes 

of the circular ring antennas were utilized, and beam-steering was achieved by fully controlling 

the amplitude and phase of the excitation of each mode.  

It is also possible to incorporate multiple multimode elements in a larger array 

configuration. An example of this type of array is depicted in Figure 1-8 (c). In [41], arrays of 

multimode dipoles were studied, and it was shown that for the 1-D case, i.e. linear arrays 

scanning the beam in one plane, by incorporating higher-order modes of dipole radiation in the 

array, the scan range can be increased to wider angles. This achievement however comes at the 

expense of lower total achievable gains. The authors of [41] generalized their work to the 2-D 

case in [42], in which the scan range of a planar array of microstrip patch antennas was 
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increased by including monopole antennas placed at the center of each patch to add omni-

directional type radiation patterns to the array. 

Multimode antenna elements and arrays of such elements have also been studied in the 

context of multiple-input-multiple-output (MIMO) technology in the modern communication 

systems, where the pattern diversity is utilized to increase the reliability and capacity of the 

communication links [46]–[49]. 

 

 

(a) 

 

(b) 

 

(c) 

 

Figure 1-8   Different types of a planar array based on the number of modes radiated by its elements. 

(a) An array of single-mode elements. (b) A single multimode element. (c) An array of multimode 

elements. 

 

The polarization of the antenna elements of the arrays discussed so far were all RHCP. 

Adaptive arrays consisting of dual-polarized antenna elements, sometimes referred to as 

polarimetric arrays, have also been studied and shown to be effective in interference 

suppression[50], [51]. Various polarimetric CRPAs developed and analyzed for GPS 

application can be found in [52]–[55]. The polarimetric arrays are however not as common as 

RHCP arrays and have not been studied as rigorously. 

  



25 

 

1.6.   Thesis Scope and Structure 

The aim in this thesis is to study the characteristics of multimode circular microstrip 

antenna elements and arrays of such elements for the GPS interference mitigation applications. 

The only multimode antenna design that can be found in the literature for GPS anti-jamming 

application is [56] where a dual-mode TM11-TM21 antenna was used to steer a single null in 

the upper hemisphere. The size of the antenna is however large (around 𝜆0) and it can only 

handle a single interferer. 

The focus in this work is specifically placed on the TMn1 modes of the circular 

microstrip patch antennas. An important characteristic of these modes is that the various modes 

are orthogonal to each other and can radiate from the same phase center. Compared to a 

conventional array of dominant-mode (TM11) elements, where the element radiation patterns 

are similar and beamforming and null-steering are achieved only by means of the separation 

of the phase centers of the individual elements (ideally by half a wavelength but usually by 

much smaller spacings in dense arrays), the diversity of the patterns provided by multimode 

elements provides a possibility to improve the performance of the array. The collocation of the 

phase centers of the various modes of a multimode element on the other hand, provides the 

opportunity to design a miniaturized CRPA. 

The thesis is structured as follows. Chapter 2 gives the background theory on the 

radiation characteristics of the TMn1 mode microstrip patch antennas, as well as the signal 

processing techniques used to evaluate the steady-state performance of the CRPAs. In Chapter 

3, novel CRPA configurations consisting of multimode and/or dual-polarized elements are 

considered, and their performance studied to find out any potentials for performance 
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improvement and size reduction. The issue of mutual coupling in multimode elements and 

arrays is qualitatively studied in Chapter 4. Chapter 5 to Chapter 7 are dedicated to the design 

of the CRPA prototypes, their characterization through simulation and measurements, and their 

performance study for interference mitigation. Finally, the work is concluded in Chapter 8. 
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CHAPTER 2. BACKGROUND THEORY 

2.1.   TMn1 Mode Circular Microstrip Antennas 

This section provides a review of the radiation characteristics of the TMn1 modes in 

circular microstrip patch antennas. First, the resonant frequency and radiation characteristics 

of the disk patch antenna are reviewed. Afterwards two other geometries which will be used 

throughout the thesis, namely the shorted ring patch and the ring patch are briefly touched on 

and relevant information about the physical aspects of the different geometries are provided. 

The circular microstrip antennas have been analyzed using many different methods 

[57]–[59] and their characteristics are well-known. To find the resonant frequency of a patch 

antenna, a cavity model would suffice for this study. In this method, the antenna is assumed to 

be a lossy cavity, with electric walls at the top and bottom and magnetic walls all along the 

periphery [60]. The model is valid when ℎ ≪ 𝜆, therefore, the fields between the patch and the 

ground plane are assumed to have no variation with 𝑧, (i.e. 
𝜕

𝜕𝑧
= 0). In addition, only the z-

directed component of the electric field is non-zero between the patch and the ground plane, 

which implies that, only the TM-to-z modes are excited (i.e. 𝐻𝑧 = 0). Finally, it is assumed 

that the magnetic field has no tangential component along the edges. 

The cavity fields are given by 
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{
 
 

 
 
𝐸𝑧 = −𝑗𝜔𝜇𝜓

𝐻𝜌 =
1

𝜌

𝜕𝜓

𝜕𝜙

𝐻𝜙 = −
𝜕𝜓

𝜕𝜌

 (15) 

where 𝜓 is a solution to the Helmholtz equation in cylindrical coordinates as [61] 

 𝜓 = 𝐵𝑛(𝑘𝜌)ℎ𝑛(𝑛𝜙) (16) 

where 𝑘 is the propagation constant in the dielectric material, 𝐵𝑛 is the general solution to the 

Bessel’s equation and can be written as a linear combination of the Bessel functions of the first 

and second kinds, and ℎ𝑛(𝑛𝜙) is the harmonic function and can be a linear combination of 

sin(𝑛𝜙) and cos(𝑛𝜙). The appropriate form of 𝜓 depends on the specific shape of the patch 

which will be discussed in the following sections. 

 Having computed the cavity fields, the radiation patterns of the antenna can be easily 

found from the electric field at the perimeter of the patch. First, the equivalent magnetic current 

defined as �⃗⃗⃗� = �⃗⃗� × �̂� is found at the perimeter, where �̂� is the unit vector normal to the 

radiating slot. For small values of substrate thickness and for infinite ground plane then, using 

the vector potential approach, the radiated field is given by 

 �⃗⃗�𝑟𝑎𝑑 = −∇ × [
1

4𝜋
∭2�⃗⃗⃗�(𝑟′)

𝑒−𝑗𝑘0|𝑟−𝑟
′|

|𝑟 − 𝑟′|
𝑑𝑟′] (17) 

where integration is done over all source points 𝑟′. 

2.1.1.   Disk Patch 

The geometry of a disk patch is shown in Figure 2-1. It is assumed that ℎ ≪ 𝜆 and 𝑟𝑔 →

∞. 
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Figure 2-1   Geometry of a simple disk patch antenna of radius 𝑎. 

 

For this geometry then, only the Bessel function of the first kind is appropriate in the solution 

of 𝜓 in (16), and therefore 𝜓 is: 

 𝜓 = 𝐽𝑛(𝑘𝜌)ℎ𝑛(𝑛𝜙). (18) 

The magnetic field boundary condition at the wall, is applied at an effective radius 𝜌 = 𝑎𝑒 

which is slightly larger than the physical radius of the patch 𝑎 due to the fringing field effect. 

This boundary condition is 𝐻𝜙|𝜌=𝑎𝑒 = 0, which results in the characteristic equation 

 𝐽𝑛
′ (𝑘𝑎𝑒) = 0 (19) 

whose mth root is denoted by 𝜒𝑛𝑚. The first few values for the 𝜒𝑛𝑚 in ascending order are 

given in Table 2-1. 
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Table 2-1    Roots of 𝐽𝑛
′ (𝑘𝑎𝑒) = 0 which is the characteristic equation for a disk patch antenna. 

Mode TM01 TM11 TM21 TM02 TM31 TM41 TM12 TM51 

𝝌𝒏𝒎 0 1.841 3.054 3.832 4.201 5.317 5.331 7.501 

 

The resonant frequency of the TMnm mode for a given radius 𝑎 is then given by 

 𝑓𝑛𝑚 =
𝜒𝑛𝑚𝑐

2𝜋𝑎𝑒√𝜖𝑟
 (20) 

which can be rearranged to give the formula for the effective radius of the patch in at a given 

frequency 𝑓 as 

 𝑎𝑒𝑛𝑚 =
𝜒𝑛𝑚𝑐

2𝜋𝑓√𝜖𝑟
 (21) 

for the TMnm mode. The relation between the effective patch radius 𝑎𝑒 and the physical patch 

radius 𝑎 in general depends on the mode. For the TM11 mode, it is [58] 

 𝑎𝑒 = 𝑎 [1 +
2ℎ

𝜋𝑎𝜖𝑟
(ln

𝜋𝑎

2ℎ
+ 1.7726)]

1/2

 (22) 

For the initial theoretical analyses in this thesis, we use the approximation of 𝑎𝑒 ≈ 𝑎 

for all modes to simplify the patch size determination. The final designs are then simulated in 

a full-wave EM solver, to take into account the fringing fields as well as all other practical 

considerations, such as the effect of the feeding mechanism, finite size of the ground plane and 

losses in the dielectric and conducting materials. 

The function ℎ𝑛(𝑛𝜙) can be either 𝑐𝑜𝑠(𝑛𝜙) or 𝑠𝑖𝑛(𝑛𝜙), which represent the two 

degenerate modes of the TMnm mode (for 𝑛 > 0). With a choice of ℎ𝑛(𝑛𝜙) = 𝑐𝑜𝑠(𝑛𝜙), the 
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radiation fields of the TMnm mode for the disk patch can be computed from (17) and is given 

by [62] 

 �⃗⃗�𝑛𝑚(𝜃, 𝜑) = 𝐸0[𝑓𝑛𝑚(𝜃) cos 𝑛𝜑 �⃗� + 𝑔𝑛𝑚(𝜃) sin 𝑛𝜑 �⃗⃗�] (23) 

in which for the case of infinite ground plane and substrate, 

 {
𝑓𝑛𝑚(𝜃) = [𝐽𝑛+1(𝑘0𝑎𝑛𝑚 sin 𝜃) − 𝐽𝑛−1(𝑘0𝑎𝑛𝑚 sin 𝜃)]

𝑔𝑛𝑚(𝜃) = [𝐽𝑛+1(𝑘0𝑎𝑛𝑚 sin 𝜃) + 𝐽𝑛−1(𝑘0𝑎𝑛𝑚 sin 𝜃)] cos 𝜃
 (24) 

Assuming a dielectric constant of 𝜖𝑟 = 10, which is close to the values of the actual 

substrates used in this thesis, the calculated radii of the TM11, TM21 and TM31 disk patches are 

0.09 𝜆0, 0.15 𝜆0 and 0.21 𝜆0 respectively. Such elements are small enough for array 

applications with a maximum inter-element spacing of 0.5 𝜆0. The 3-D gain patterns of the 

antennas are shown in Figure 2-2. The plots in Figure 2-2 are in polar format, where the center 

of the plot represents zenith and the perimeter of the plot represents the horizon, and the gain 

value is represented by the intensity of the color. This type of plot is extremely useful in the 

qualitative study of the 3-D shape of the pattern as well as the SINR plots encountered later in 

the thesis. For instance, it can be clearly seen that the azimuthal periodicity of the patterns of 

Figure 2-2 are consistent with the expected ℎ𝑛(𝑛𝜙) for all modes. Also, note that the 𝐸𝜙 

component of the far-field goes to zero at horizon for all modes, which is due to the boundary 

condition imposed by the infinite ground plane. 

The more common type of antenna gain plots are the 2-D cuts, as shown in Figure 2-3. 

This type of plot is also useful because it clearly shows the variation of the gain at different 

elevation angles. From Figure 2-3 for instance, it can be seen that the TM11 mode patch has a 

maximum at zenith, whereas the TM21 and the TM31 mode patches have a null at zenith and a 
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conical shape pattern. A combination of the 3-D and 2-D plots will be used throughout the 

thesis for maximum clarity. 

 The maximum total gain values are 5.4 dBi, 6.6 dBi and 7.8 dBi for the TM11, TM21 

and TM31 patches respectively. These values are quite high due to the assumption of the infinite 

ground plane and no losses. In practice, the gain values are lower, specially for the higher-

order modes due to the finite size of the ground planes and dielectric and conductor losses. 

 The electric current distributions of the patches whose radiation patterns are shown in 

Figure 2-2, are depicted in Figure 2-4. Since the fields are time-harmonic, the currents in 

general change in both magnitude and direction as a function of time. In Figure 2-4, the 

magnitude of a current vector at each point is proportional to the maximum amplitude of the 

time-harmonic current at that point. Furthermore, the orientations of the vectors do not change 

in time in this case, since the antennas are LP. The azimuthal variations of the current 

distributions correspond well with azimuthal periodicity of the radiation patterns. Note that for 

the TM11 patch, the center of the patch has considerable current amplitudes, whereas in the 

case of TM21 and TM31 patches, the center of the patch has small current amplitudes. This fact 

becomes relevant when considering the ring geometry for the patches. 
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(a) TM11 

  

(b) TM21 

  

(c) TM31 

Figure 2-2   The theoretical 3-D gain patterns of the first three TMn1 mode LP disk patch antennas on a 

substrate with relative permittivity of 𝜖𝑟 = 10, with an infinite ground plane. (a) TM11. (b) TM21. (c) 

TM31. 
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(a) 

 
(b) 

 
(c) 

Figure 2-3   The theoretical 2-D gain patterns of the first three TMn1 mode LP disk patch antennas on a 

substrate with relative permittivity of 𝜖𝑟 = 10, with an infinite ground plane. (a) TM11. (b) TM21. (c) 

TM31. 

 

 

 

 
(c) 

(a) 

 
(b)  

Figure 2-4   The current distributions of the first three TMn1 mode LP disk patch antennas on a substrate 

with relative permittivity of 𝜖𝑟 = 10, with an infinite ground plane. The size of the plots are 

proportional to the physical size of the disks. (a) TM11. (b) TM21. (c) TM31. 
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 The radiation patterns for the degenerate modes of the TMn1 patches whose radiation 

patterns are shown in Figure 2-2, can be simply found by rotating the patterns in each case by 

𝜙0 = 𝜋/2𝑛. By feeding the degenerate mode of the TMn1 mode in quadrature phase and equal 

amplitude, circular polarization for each mode can be achieved [62]. The 3-D gain patterns for 

the RHCP case are shown in Figure 2-5. The corresponding 2-D gain patterns are shown in 

Figure 2-6. Note that like the LP case, the TM11 mode has a maximum at zenith whereas the 

TM21 and TM31 modes have a null at zenith.  

The maximum RHCP gains in the shown patterns are 5.4 dBi, 3.4 dBi, 3.6 dBi for the 

TM11, TM21 and TM31 patches respectively. Furthermore, these maxima happen at 𝜃 = 0∘, 𝜃 =

57∘ and 𝜃 = 68∘ for the TM11, TM21 and TM31 patches respectively. The higher gain of the 

higher-order mode patches at lower elevation angles is a desired feature for GPS applications, 

as it may be a natural remedy of the gain roll-off issue in the arrays of the dominant-mode 

elements.  
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(a) TM11 

  

(b) TM21 

  

(c) TM31 

Figure 2-5   The theoretical 3-D gain patterns of the first three TMn1 mode RHCP disk patch antennas 

on a substrate with relative permittivity of 𝜖𝑟 = 10, with an infinite ground plane. (a) TM11. (b) TM21. 

(c) TM31. 
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(a) 

 
(b) 

 
(c) 

Figure 2-6   The theoretical 2-D gain patterns of the first three TMn1 mode RHCP disk patch antennas 

on a substrate with relative permittivity of 𝜖𝑟 = 10, with an infinite ground plane. (a) TM11. (b) TM21. 

(c) TM31. 

 

To put the results of Figure 2-6 in perspective, the values of the maximum RHCP gain 

along with the angles at which they happen for the TM11, TM21 and TM31 modes are given in 

Table 2-2 for different dielectric constant values. For the TM11 mode, the maximum gain 

always happens at zenith (𝜃 = 0°) but the value of the maximum gain decreases when the 

substrate permittivity is increased, which is because of the patch becoming smaller. The 

maximum gain does not change drastically for 𝜖𝑟 > 10.  

For the TM21 and TM31 mode patches on the other hand, the angle 𝜃 of the maximum 

RHCP gain, approaches the horizon (𝜃 = 90°) as the dielectric constant is increased from 𝜖𝑟 =

1, but does not change much beyond 𝜖𝑟 = 10. Similarly, the values of the maximum gains of 

the TM21 and TM31 mode patches tend to decrease with increasing dielectric constant but not 

much beyond 𝜖𝑟 = 10. 
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Table 2-2   The maximum RHCP gain values and the angles at which they occur, for RHCP patch 

antennas radiating the TM11, TM21 and TM31 modes on an infinite ground plane, for different substrate 

dielectric relative permittivity values.  

 

  𝝐𝒓 = 𝟏 𝝐𝒓 = 𝟑 𝝐𝒓 = 𝟔 𝝐𝒓
= 𝟏𝟎 

𝝐𝒓
= 𝟐𝟓 

𝝐𝒓
= 𝟒𝟓 

𝝐𝒓
= 𝟏𝟎𝟎 

TM11 

GRHCP 

(dBi) 

9.9 6.7 5.8 5.4 5 4.9 4.8 

𝜃(°) 0 0 0 0 0 0 0 

TM21 

GRHCP 

(dBi) 

7.1 4.1 3.5 3.4 3.3 3.3 3.3 

 𝜃(°) 33 47 53 56 58 59 60 

TM31 

GRHCP 

(dBi) 

6.8 4.0 3.7 3.6 3.6 3.6 3.6 

𝜃(°) 41 59 65 67 70 70 70 

 

It is emphasized that all the results in this section were derived from (24) which is only 

valid for a disk patch on an infinite ground plane. In practice, the functions 𝑓𝑛𝑚(𝜃) and 𝑔𝑛𝑚(𝜃) 

are affected by a finite ground plane size and shape [63]-[64]. 

2.1.2.   Shorted Ring Patch 

The geometry of a shorted ring patch antenna is shown in Figure 2-7. The patch has an 

outer radius of 𝑎 and an inner radius of 𝑏. The patch is shorted at the inner radius. The full 

analysis of the shorted ring patch can be found for example in [65]. It is assumed that ℎ ≪ 𝜆 

and 𝑟𝑔 → ∞. 



39 

 

 

Figure 2-7   Geometry of a shorted circular ring patch antenna. 

 

One feature of shorted ring patch useful for this study, is the empty physical area at the 

center, which is completely isolated from the antenna. This area is useful in multimode 

concentric configurations for placing a lower-order (and hence smaller) patch in a co-planar 

configuration or, placing feeding connections in the case of a stacked configuration. Both of 

these approaches will be used in this thesis. 

Since the patch is shorted at the inner wall, it only radiates from the outer wall. For this 

geometry, the Bessel functions of the first and second kinds must be considered in (16) as 

 𝜓 = [𝐽𝑛(𝑘𝜌) + 𝑐𝑌𝑛(𝑘𝜌)]ℎ𝑛(𝑛𝜙) (25) 
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The boundary condition at the inner wall, which is at a radius 𝜌 = 𝑏 of the lossy cavity is 

𝐸𝑧|𝜌=𝑏 = 0, and at the outer wall, at an effective radius 𝜌 = 𝑎𝑒, is 𝐻𝜙|𝜌=𝑎𝑒 = 0, which 

results in the characteristic equation 

 𝐽𝑛
′ (𝑘𝑎𝑒)𝑌𝑛(𝑘𝑏) − 𝐽𝑛(𝑘𝑏)𝑌𝑛

′(𝑘𝑎𝑒) = 0 (26) 

 Since the shorted patch only radiates from the aperture at the outer radius, its radiation 

patterns can be found using the same formulas as in (24). Its resonant frequency is however 

different from and is slightly higher than a solid patch. Assuming 𝑎𝑒 ≈ 𝑎, the outer radius 

value, calculated as a function of the inner radius value is shown in Figure 2-8 for the TM11, 

TM21 and TM31 modes. The outer radii values at 𝑏 = 0 are the same as the values for a disk 

patch, and increase as the value of the inner radius 𝑏 is increased. The rate of the increase is 

however not the same for the three modes and is slower for the TM21 and TM31 mode shorted 

ring patches. This is because as shown in Figure 2-4 (b) and Figure 2-4 (c), the current 

distributions of these two modes have small amplitudes at the center area of a disk patch. 

 

Figure 2-8   The outer radius 𝑎, of a shorted ring patch antenna on a substrate with 𝜖𝑟 = 10 and an 

infinite ground plane, as a function of its inner radius 𝑏, for the first three TMn1 modes, at a fixed 

resonant frequency. 
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2.1.3.   Ring Patch 

The geometry of a ring patch shown in Figure 2-9. The patch is open at the inner radius 

as well as the outer radius and both apertures contribute to the radiation. Once again, it is 

assumed that ℎ ≪ 𝜆 and 𝑟𝑔 → ∞. 

 

Figure 2-9   Geometry of a circular ring patch antenna. 

 

For the ring patch, both Bessel functions of the first and seconds kind must be 

considered in 𝜓 as 

 𝜓 = [𝐽𝑛(𝑘𝜌) + 𝑐𝑌𝑛(𝑘𝜌)]ℎ𝑛(𝑛𝜙). (27) 
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The fringing fields exist at both the inner and outer walls, so the effective inner and outer 

radii should be considered. The boundary condition at the inner wall, which is at the effective 

inner radius 𝜌 = 𝑏𝑒 of the lossy cavity is 𝐻𝜙|𝜌=𝑏𝑒 = 0, and the boundary condition at the 

outer wall, at the effective radius 𝜌 = 𝑎𝑒, is 𝐻𝜙|𝜌=𝑎𝑒 = 0, which results in the characteristic 

equation 

 𝐽𝑛
′ (𝑘𝑎𝑒)𝑌𝑛

′(𝑘𝑏𝑒) − 𝐽𝑛
′ (𝑘𝑏𝑒)𝑌𝑛

′(𝑘𝑎𝑒) = 0 (28) 

Whereas, as shown in for the previous section, the outer radius of a shorted ring patch is larger 

than a disk patch for the same resonant frequency, the radius of an annular ring patch is smaller 

than a disk patch at the same resonant frequency. Assuming 𝑎𝑒 ≈ 𝑎 and 𝑏𝑒 ≈ 𝑏, this is shown 

in Figure 2-10. Note that for a fixed resonant frequency, the required outer radius is decreased 

as the inner radius is increased in this case, and when 𝑏/𝑎 approaches 1, i.e. for a thin ring, the 

radius is at its minimum value of [66] 

 𝑎 ≈
𝑛𝜆

2𝜋√𝜖𝑟
 (29) 

 

Figure 2-10   The outer radius 𝑎, of a ring patch antenna on a substrate with 𝜖𝑟 = 10 and an infinite 

ground plane, as a function of its inner radius 𝑏, for the first three TMn1 modes, at a fixed resonant 

frequency. 
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The smaller size of the ring patch compared to the shorted ring patch comes at the cost 

of a higher quality factor, more loss and less bandwidth. Nevertheless, it is useful for a 

miniaturized design. 

2.1.4.   Mode Excitation 

So far, the different the radiation characteristics and resonant frequencies of the TMn1 

modes were studied, but no comment was made regarding the means of excitation of such 

modes. Different methods have been used to feed a microstrip antenna, including coaxial 

feeding, microstrip feeding and aperture coupling through ground plane slots [60]. In general, 

the mode excitation is not ideal in practice, i.e. at a certain frequency, apart from the intended 

mode, other modes may also be excited. To determine the contribution of each mode in the 

radiation, the geometry of the feed has to be included in a numerical solution.  

For instance, it has been shown in [67] that for a disk patch fed with a coaxial line, when 

feeding the patch for the TM11 mode, two other modes of TM01 and TM21 are also excited and 

have the largest contribution to the unwanted radiation. The relative powers of these unwanted 

modes were shown to increase as the feed location was moved towards the edge of the patch, 

or as the substrate thickness was increased. 

Furthermore, methods also exist to increase the mode purity and suppress the unwanted 

modes. Most related to this work is using multiple coaxial feeds as suggested in [62], in such 

a way that the fields excited for the intended mode add up in phase and the fields excited for 

the unwanted modes add destructively. 
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In this work, we neglect the unwanted mode excitation effects in the initial theoretical 

analysis of the arrays in Chapter 3, but will consider them later in Chapters 5-7 through 

simulation and measurement. It will be shown that the excitation of unwanted modes manifests 

itself mostly in the distortions in the radiation patterns. 

2.2.   CRPA Performance Evaluation Method 

The signal processing aspect of a receiver with CRPA is important in the system design, 

as it can significantly affect the overall performance. This topic by itself is a vast area of 

research and since the focus of this thesis is on the physical antenna design aspect, a simple 

approach to model and analyze the performance of an CRPAs is considered here. For a more 

thorough treatment of this issue, an up-to-date overview and the relevant references can be 

found in [9]. 

2.2.1.   The Adaptive Processor Architecture 

As mentioned before, a STAP (or SFAP) is the best option to fully suppress wideband 

interferers. However, because of the narrow bandwidth of the GPS signals (specially for the 

civilian signals), a SAP may actually be enough and no time-domain filtering may be required 

as reported in [7]. SAP is also useful when studying the performance of an adaptive array since 

it has been shown that its performance is similar to a full STAP in the presence of continuous 

wave (CW) signals [68]. In other words, when studying the performance of an adaptive array, 

the results of the analysis using a SAP in the presence of CW signals would be similar to a 

STAP in the presence of wideband signals.  
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In this thesis, SAP is selected as the main processor for its simplicity and to avoid the 

complexities of the time-domain filtering. All the desired and interference signals are therefore 

assumed to be CW. Furthermore, the effect of the RF front-end is also neglected in this study 

for simplicity, i.e. 𝐹(𝑓) = 1 in Figure 1-4. This allows for the effects of the antenna gain 

patterns on the system performance, to be studied independent of other factors. The final 

assumption made throughout this work is that the adaptive array is in steady-state, so the 

transient response of the processor is ignored as well. 

2.2.2.   Signal Models and the Performance Metric 

Due to the stochastic nature of the signals, the performance of an adaptive array in 

general is studied in the context of space-time random processes [69]. It is assumed here that 

a desired signal plane wave and multiple interfering signal plane waves are incident on the 

array which are all stationary processes and uncorrelated with each other. Furthermore, there 

are noise signals at the input of each antenna elements, which are also uncorrelated with each 

other and with the desired or interfering signals.  

The desired and interfering signals are assumed to be the slowly varying complex 

envelopes of monochromatic plane waves. These plane waves are characterized by their 

frequency and the DOA in the 𝜔 − 𝑘 (frequency-wavenumber) space. It is assumed that the 

time delays with which the array elements receive a plane wave can be represented by simple 

phase shifts. This requires that 

 𝐵𝑠 ∙ Δ𝑇𝑚𝑎𝑥 ≪ 1 (30) 

where 𝐵𝑠 is the bandwidth of the system, and Δ𝑇𝑚𝑎𝑥 is the maximum time delay between the 

elements [69], which is equal to the largest dimension of the array divided by the speed of 
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light (𝐷𝑚𝑎𝑥/𝑐). Equation (30) is easily satisfied for the GPS applications. For instance, if 

𝐵𝑠 = 24 𝑀𝐻𝑧, then Equation (30) dictates 𝐷𝑚𝑎𝑥 ≪ 12.5 𝑚, which holds for all practical 

CRPA arrays. 

The desired signal plane wave, with a polarization-phase unit vector of �̂�𝑑(𝑓) and a 

certain power per unit area of 𝑆𝑑(𝑓), is assumed to induce a voltage signal at the terminals of 

an isotropic antenna (𝐺(𝜃, 𝜙, 𝑓) = 1 and �̂�𝑎 ∙ �̂�𝑑 = 1) which is terminated in a matched load 

and is located at the origin of the coordinate system. The amplitude of the frequency domain 

complex envelope (or the baseband signal) of the induced voltage is denoted by 𝑉𝑑(𝑓) and its 

phase information is encapsulated in �̂�𝑑(𝑓). 𝑉𝑑 is assumed to be a Gaussian random variable 

with a zero average and 𝜎𝑑
2 variance, i.e. 𝑉𝑑~𝒩(0, 𝜎𝑑). 

From (14), the received voltage for the mth antenna element of an array, located at a 

position �⃗�𝑚 with respect to the origin of the coordinate system, is 

 𝑋𝑑𝑚(𝑓) = 𝑉𝑑(𝑓)𝑒
𝑗�⃗⃗�𝑑∙�⃗�𝑚√𝐺𝑚(𝜃𝑑 , 𝜙𝑑 , 𝑓) [�̂�𝑚(𝜃𝑑 , 𝜙𝑑 , 𝑓) ∙ �̂�𝑑(𝑓)] (31) 

where �⃗⃗�𝑑 is the wave vector associated with the desired signal plane wave, determined from 

its incident angle (𝜃𝑑 , 𝜙𝑑), 𝐺𝑚 is the mth antenna element gain pattern and �̂�𝑚 is its 

polarization-phase unit vector. In Cartesian coordinates, the wave vector �⃗⃗�𝑑 is given by 

 �⃗⃗�𝑑 =
2𝜋

𝜆0
(sin 𝜃𝑑 cos𝜙𝑑 �̂� + sin 𝜃𝑑 sin𝜙𝑑 �̂� + cos 𝜃𝑑 �̂�). (32) 

where 𝜆0 is the wavelength of the signal carrier. Since as mentioned before, only CW signals 

are considered, the 𝑓 dependency is dropped from here on. Equation (31) is written in a more 

compact format as 

 𝑋𝑑𝑚 = 𝐴𝑚(𝜃𝑑 , 𝜙𝑑) ∙ (𝑉𝑑�̂�𝑑) = 𝑉𝑑𝐴𝑚(𝜃𝑑 , 𝜙𝑑 , �̂�𝑑) (33) 
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where the mth element response vector (in Figure 1-4) is 𝐴𝑚(𝜃𝑑 , 𝜙𝑑) and  

 𝐴𝑚(𝜃𝑑 , 𝜙𝑑 , �̂�𝑑) = 𝑒
𝑗�⃗⃗�𝑑∙�⃗�𝑚√𝐺𝑚(𝜃𝑑, 𝜙𝑑) [�̂�𝑚(𝜃𝑑, 𝜙𝑑) ∙ �̂�𝑑] (34) 

is the response vector to the certain polarization-phase vector �̂�𝑑. The array’s response is 

denoted by a vector 𝐚𝑑 ∈ ℂ
𝑁×1 defined as 

 𝐚𝑑 = [

𝐴1(𝜃𝑑 , 𝜙𝑑 , �̂�𝑑)

𝐴2(𝜃𝑑 , 𝜙𝑑 , �̂�𝑑)
⋮

𝐴𝑁(𝜃𝑑 , 𝜙𝑑 , �̂�𝑑)

] (35) 

and the received signal vector is 

 𝐱𝑑 = 𝑉𝑑𝐚𝑑 (36) 

To include the mutual coupling effects, a simple method is to simulate or measure the 

in-situ responses of the array elements 𝐴𝑚. The in situ response corresponding the mth port of 

the array is obtained by simulating or measuring the amplitude and phase of both polarization 

components of the far-fields of the array when only the mth port is active and all the other ports 

are terminated in matched loads [30], [31]. The vector in (35) can found directly by 

characterizing all the array ports in this approach. 

The expression for the array response to the interference can be similarly found. 

Assuming 𝐽 interferers, and denoting the vector response to the jth interferer as  

 𝐚𝑖𝑗 =

[
 
 
 
 
𝐴1(𝜃𝑖𝑗 , 𝜙𝑖𝑗 , �̂�𝑖𝑗)

𝐴2(𝜃𝑖𝑗 , 𝜙𝑖𝑗 , �̂�𝑖𝑗)

⋮
𝐴𝑁(𝜃𝑖𝑗 , 𝜙𝑖𝑗 , �̂�𝑖𝑗)]

 
 
 
 

 (37) 

the received signals vector due to interference is 
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 𝐱𝑖 =∑𝑉𝑖𝑗𝐚𝑖𝑗

𝐽

𝑗=1

 (38) 

where the 𝑉𝑖𝑗s are assumed to be Gaussian random variables with zero average and 𝜎𝑖𝑗
2 

variance, i.e. 𝑉𝑖𝑗~𝒩(0, 𝜎𝑖𝑗). For a more compact notation, a matrix is formed whose columns 

are the 𝐚𝑖𝑗s as 

 𝐀𝑖 = [𝐚𝑖1 ⋮ 𝐚𝑖2 ⋮ ⋯ ⋮ 𝐚𝑖𝐽]  (39) 

then the received signal vector due to interference is 

 𝐱𝑖 = 𝐀𝑖𝐯𝑖 (40) 

in which 𝐯𝑖 = [𝑉𝑖1 𝑉𝑖2  … 𝑉𝑖𝐽]
𝑇 is the vector of interferer voltage amplitudes. The total signal 

which has three components, the desired signal, interference and noise, is written as 

 𝐱 = 𝐱𝑑 + 𝐱𝑖 + 𝐧. (41) 

where 𝐧 is a vector of noise voltages at the antenna elements [𝑉𝑛1 𝑉𝑛2  … 𝑉𝑛𝑁]
𝑇. Each noise 

voltage is also modeled by a Gaussian random variable with zero mean and 𝜎𝑛
2 variance, i.e. 

𝑉𝑛𝑝~𝒩(0, 𝜎𝑛) for 𝑝 = 1,2, … ,𝑁. The output of the adaptive array is 

 𝑦 = 𝐰𝐻𝐱 (42) 

where superscript H denotes the Hermitian operator (complex conjugate transpose) and the 

weight vector is 

 𝐰 = [

𝑤1
𝑤2
⋮
𝑤𝑁

]. (43) 

The weight vector is determined and updated by an adaptive algorithm in real-time. Two 

simple algorithms will be discussed in the next section. 
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The SINR at the output of the adaptive array is the main performance metric used to 

analyze the performance of CRPAs in this work. It is simply defined as the ratio of the power 

of the desired signal to the sum of the interference and noise powers, at the output of the 

adaptive processor. The output powers are usually represented using the covariance matrices. 

The power at the output of the adaptive array is 

 𝑃𝑜𝑢𝑡 = 𝐸{𝑦𝑦∗} = 𝐰𝐻𝐑𝑥𝐰 (44) 

where 𝐸{∗} is expectation operator. 𝐑𝑥 is the covariance (or cross-correlation [1]) matrix of 

the received signal vector and its pqth component is the cross-correlation between the signals 

of the pth and qth channels of the array. Assuming the desired signal, interference signals and 

noise are uncorrelated, i.e. 𝐸{𝑉𝑑𝑉𝑖𝑗} = 0, 𝐸{𝑉𝑑𝑉𝑛𝑝} = 0, 𝐸{𝑉𝑖𝑗𝑉𝑛𝑝} = 0, for 𝑗 = 1,2, … , 𝐽 and 

𝑝 = 1,2, … ,𝑁, 𝐑𝑥 is given by 

 𝐑𝑥 = 𝐑𝑑 + 𝐑𝑖 + 𝐑𝑛 (45) 

where 𝐑𝑑, 𝐑𝑖 and 𝐑𝑛 are the desired signal, interference and noise covariance matrices 

respectively. Assuming the noise components are uncorrelated at different elements of the 

array (𝐸{𝑉𝑛𝑝𝑉𝑛𝑞} = 0 for 𝑝 ≠ 𝑞), 𝐑𝒏 is given by 

 𝐑𝑛 = 𝜎𝑛
2𝐈𝑁, (46) 

𝐑𝑑 is given by [69] 

 𝐑𝑑 = 𝐚𝑑𝜎𝑑
2𝐚𝑑

𝐻, (47) 

and 𝐑𝑖 is 

 𝐑𝑖 = 𝐀𝑖𝐒𝑖𝐀𝑖
𝐻 (48) 
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where for uncorrelated interferers (𝐸{𝑉𝑖𝑝𝑉𝑖𝑞} = 0 for 𝑝 ≠ 𝑞), we have 𝐒𝑖 =

𝑑𝑖𝑎𝑔(𝜎𝑖1
2, 𝜎𝑖2

2, … , 𝜎𝑖𝐽
2). 

The SINR at the output of the adaptive array is then given by [69] 

 SINRout =
𝑃𝑑𝑜𝑢𝑡

𝑃𝑖𝑜𝑢𝑡 + 𝑃𝑛𝑜𝑢𝑡
=

𝐰𝐻𝐑𝑑𝐰

𝐰𝐻(𝐑𝑖 + 𝐑𝑛)𝐰
 (49) 

To evaluate the performance of a CRPA, a hypothetical RFI scenario is assumed, i.e. 

multiple interferers are assumed to be incident on the array from some DOAs (𝜃𝑖𝑗 , 𝜙𝑖𝑗) for 𝑗 =

1,2, … , 𝐽, having some power 𝜎𝑖𝑗
2. A desired signal with power 𝜎𝑑

2 is assumed to be incident 

on the array from an incident angle (𝜃𝑑 , 𝜙𝑑). The desired signal DOA, (𝜃𝑑 , 𝜙𝑑), is swept in 

the upper hemisphere in one-degree steps in both elevation and azimuth, and the SINRout is 

computed for each desired signal DOA. For successful reception from each direction, the 

SINRout has to exceed some threshold value SINRth. A useful parameter, known as the angular 

availability is then defined as the portion of the upper hemisphere in percentage, where the 

output SINR exceeds the prescribed threshold SINR. This is mathematically written as 

 Ang. Av.= ∫ ∫
1

4𝜋
[𝑠𝑔𝑛(SINRout − SINRth) + 1] sin(𝜃𝑑) 𝑑𝜃𝑑

𝜋/2

𝜃𝑑=0

𝑑𝜑𝑑

2𝜋

𝜙𝑑=0

 (50) 

where 𝑠𝑔𝑛 is the sign function. The angular availability is a value between 0 and 1 and will be 

expressed in % throughout this thesis. This parameter will be used extensively in this work to 

compare the performance of different CRPAs. The threshold value SINRth, in general depends 

on the application. For example, receivers on dynamic platforms have a higher threshold level 

compared to the receivers on static platforms. 
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2.2.3.   Adaptive Algorithm 

We will use the power minimization method subject to a linear constraint, which is a 

very common and practical method to implement for a CRPA. In this method, the output power 

is minimized subject to a single constraint. This is represented by 

 𝐰𝑜𝑝𝑡 = argmin
𝐰
𝑃𝑜𝑢𝑡, subject to 𝐰𝐻𝐜 = 𝛼 (51) 

where 𝐜 is the constraint vector and 𝛼 is a scalar. The minimization problem can be solved by 

the method of Lagrange multipliers, giving the final solution [1] 

  𝐰𝑜𝑝𝑡 = 𝛼
𝑹𝑥

−𝟏𝐜

𝐜𝐻𝑹𝑥
−𝟏𝐜

 (52) 

In general, it is possible to have more than one linear constraint [70], but we will only consider 

a single constraint for simplicity. 

Two general choices for the constraint vector are possible. First, 𝐜 can be chosen as a 

vector of constant values, independent of the desired signal DOA. This approach is called 

"simple null-steering" in [8] and does not require any a priori knowledge of desired signal 

DOA (i.e. the satellite direction). Throughout this thesis, this approach will be referred to as 

the simple power minimization or SPMIN for short. 

The second choice is 𝐜 = 𝐚𝑑, resulting in 𝐰𝑜𝑝𝑡
𝐻𝐚𝑑 = 𝛼, which implies that the 

adaptive array’s response to the desired signal is guaranteed to be 𝛼. In other words, the array's 

response is steered towards the desired signal DOA. This approach will be referred to as the 

directionally-constrained power minimization or DCPMIN for short. These two approaches 

are explained in more detail next. 
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2.2.3.1.   SPMIN 

The simplest choice of the constraint vector in this approach is 𝐜 = [1 0…0]𝑇, which 

from the constraint in (51), and assuming 𝛼 = 1, results in 𝑤1 = 1, i.e. it will ensure that a 

"reference element" is always turned on. The reference element provides the array pattern in 

quiescent mode, i.e. in the absence of any interference. The other elements of the array are then 

used when interferers are present, to achieve null-steering in the pattern.  

This approach is very simple and practical, as it does not require any a priori knowledge 

of the direction of the satellites. The downside of it, is that it may inadvertently cancel out the 

desired signal, if the satellite happens to fall into one of the null regions of the adapted array 

pattern. 

As an example, consider the array shown in Figure 2-11. The array consists of four 

RHCP TM11 patches, placed at a distance of 𝑟𝑎 from the center of the array. For this example, 

we assume that 𝑟𝑎 = 0.35 𝜆0 which results in an inter-element spacing of 0.5 𝜆0. The element 

radiation pattern is assumed to be the one shown in Figure 2-5 (a), i.e. the theoretical pattern 

of a TM11 patch on an infinite ground plane, printed on a substrate with permittivity of 𝜖𝑟 =

10. 

 

Figure 2-11   Geometry of an array of 4 RHCP TM11 elements on a substrate with permittivity of 𝜖𝑟 =
10, with an inifinite ground plane. The element gain patterns are shown in Figure 2-5 (a). 
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In the absence of interferers, the weight vector is 𝐰𝑜𝑝𝑡 = [1 0 0 0]𝑇, so the array 

gain pattern is the same as that of the reference element. Due to the array symmetry in this 

case, the choice of the reference element does not matter. The array 3-D and 2-D patterns are 

shown in Figure 2-12 (a) and Figure 2-12 (b) respectively, which exactly match Figure 2-5 (a) 

and Figure 2-6 (a) respectively.  

Now, assume that an RHCP interferer is incident from (𝜃𝑖, 𝜑𝑖) = (45
∘, 45∘). The 

computed optimum weight vector from the SPMIN method is 𝐰𝑜𝑝𝑡 =

[1 −0.33 0.33𝑒𝑗0.94 0.34𝑒𝑗0.94]
𝑇. The 3-D and 2-D array gain patterns are shown in 

Figure 2-12 (c) and Figure 2-12 (d) respectively. The RFI is marked with a white cross in the 

3-D pattern and with an arrow in the 2-D pattern. A null is steered towards the RFI as expected. 

An important observation here is that the 2-D pattern shows a very deep and localized null, 

whereas the 3-D pattern shows a null region which is extended in the angular space. The 3-D 

plot is therefore very useful in showing the resolution of the array in the spatial domain. It is 

desired that the null region be as small as possible, since if a desired signal direction falls into 

it, that signal will be suppressed just like the interferers. So, the null region of the array in the 

presence of RFI reduces the availability of the angular domain for reception. 

To further demonstrate the importance of angular availability, the 3-D gain pattern of 

the array is shown in the presence of two and three interferers in Figure 2-13 (a) and Figure 

2-13 (b) respectively. As it can be seen, the null regions of the interferes which are in close 

vicinity of each other, merge and form larger null regions. The shape of these null regions in 

general depend on the element radiation patterns, distribution, and spacing. 
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(a)  (b) 

  
(c)  (d)  

Figure 2-12   The gain patterns of the array of Figure 2-11 when the array response is determined by 

SPMIN with 𝐜 = [1 0 0 0]𝑇. (a) 3-D pattern in the absence of RFI. (b) 2-D pattern in the absence of 

RFI. (c) 3-D pattern when one RHCP RFI is incident from (𝜃𝑖, 𝜑𝑖) = (45°, 45°). (d) 2-D pattern when 

one RFI is incident from (𝜃𝑖, 𝜑𝑖) = (45°, 45°). 

 

  
(a)  (b)  

Figure 2-13   The gain patterns of the array of Figure 2-11 when the array response is determined by 

SPMIN with 𝐜 = [1 0 0 0]𝑇. (a) 3-D pattern when two RHCP RFIs are incident from (𝜃𝑖, 𝜑𝑖) =
{(45°, 45°), (60°, 90°)}. (b) 3-D pattern when three RHCP RFIs are incident from (𝜃𝑖, 𝜑𝑖) =
{(45°, 45°), (60°, 90°), (60°, 270°)}. 

RFI 

RFI 
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To quantify the null region size, and thus the availability, it is possible to find the x-dB 

null depth (e.g. 𝑥 = 3 or 𝑥 = 10) in the 2-D patterns of the antenna and, and then subtract it 

from the 180° to find the angular range which is available for reception. This method is 

however much more complicated in the 3-D pattern, as the null regions in general may form 

any shape, as shown in Figure 2-13 for the case of two and three RFIs. 

A much easier approach to find the availability in the 3-D pattern, is to sweep the DOA 

of the desired signal in the upper hemisphere, compute the array pattern for each DOA and 

specifically the gain value at that DOA, and finally, find out if the gain value exceeds a 

prescribed threshold value. If the gain exceeds the threshold, then that angular point in the 

upper hemisphere is available for reception. 

 The only problem with the approach just described is that the gain of the array is 

arbitrary within the scaling factor 𝛼 in (51). SINR on the other hand, is not dependent on the 

scaling factor 𝛼, as evident from (49), and that is why the SINR was introduced earlier as the 

main metric for the performance of the adaptive arrays. So, the SINR at the output of the 

adaptive array is found for each desired signal DOA, and if it exceeds a threshold value, then 

the that DOA is considered available for the reception.  

To show the application of the described approach using SINR, consider the example 

of the array of Figure 2-11 again. Assume that the desired signal power is -20 dB, the noise 

power is 0 dB and the RFI powers are 20 dB at the input of the array, so SNRin = −20 𝑑𝐵 and 

INRin = 20 𝑑𝐵. The results of the performance analysis of the array are shown in Figure 2-14. 

Note that the same SPMIN method with constraint vector of 𝐜 = [1 0 0 0]𝑇 is used. Figure 

2-14 (a) shows the SINRout for all the desired signal DOAs in the upper hemisphere, when 
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there are no interferers present. This type of plot will be referred to as the SINRout pattern. 

From this pattern, the availability is numerically computed from (50), and is shown in Figure 

2-14 (b) as a function of the threshold SINR value SINRth. For the ideal case, the interference 

is reduced to the noise level and SINRth = SNRin = −20 𝑑𝐵, but the value of SINRth in 

general depends on the application. For example, for receivers on static platforms, a lower 

SINRth is required compared to moving platforms [4]. For the current analysis, with no RFIs 

present, the available angular space for a SINRth = −20 𝑑𝐵 is 74%, and for SINRth =

−25 𝑑𝐵 is 100%. 

For the case of two interferers, corresponding to Figure 2-13 (a), the SINRout pattern 

is shown in Figure 2-14 (c), which now shows two nulls at the directions of the interferers. 

Note that the SINRout pattern is very similar to the gain pattern in Figure 2-13 (a), and clearly 

shows the extended null region as well. As mentioned before, the reception is not possible in 

these extended null regions, resulting in a lower angular availability for reception, which is 

confirmed in Figure 2-14 (d). In this case, the available angular space for a SINRth = −20 𝑑𝐵 

is 58%, and for SINRth = −25 𝑑𝐵 is 73%. 
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(a) (b) 

  
(c)  (d) 

Figure 2-14   The SINRout pattern (left) and the angular availability curve (right) for the array of Figure 

2-11, when the array weights are calculated from SPMIN with 𝐜 = [1 0 0 0]𝑇. (a) SINRout pattern, and 

(b) angular availability when no RFI is present. (c) SINRout pattern, and (d) angular availability when 

two interferers are incident from (𝜃, 𝜑) ={(45°, 45°), (60°, 90°)}. 

 

In the SPMIN method, many choices are in general possible for the constraint vector 

𝐜. For example, the reference element can be assigned to a different element in an array (the 

array of Figure 2-11 was however symmetric and this would not have made any difference). 

Another choice of the constraint vector is a vector with more than one non-zero element, in 

which case, there is no reference element in the array, but rather, a reference mode. 

As an example of the reference mode, the same analysis of the array of Figure 2-11 

with the SPMIN method, this time with a constraint vector of 𝐜 = [1 1 1 1]𝑇 is shown in Figure 

2-15. It can be seen that the SINRout pattern in the absence of RFI, shown in Figure 2-15 (a), 

shows a more directive pattern compared to the pattern in Figure 2-14 (c). Due to the equal 

RFI 
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excitation of all the elements in the array in the reference mode, the array has a higher gain at 

zenith and has much lower gain at the horizon. The corresponding availability curve, shown in 

Figure 2-15 (b), is also much steeper compared to the curve in Figure 2-14 (b). This implies 

that when 𝐜 = [1 1 1 1]𝑇, there are a small region (at zenith) with very high SINRout and a 

large region where it is not so great. For this case, in the absence of interferers, the available 

angular space for a SINRth = −20 𝑑𝐵 is 38%, and for SINRth = −25 𝑑𝐵 is 56%. 

In the presence of two RHCP interferers incident from angles (𝜃, 𝜑) ={(45∘, 45∘), 

(60∘, 90∘)}, the SINRout pattern is shown in Figure 2-15 (c), which also is a more directive 

pattern compared to Figure 2-14 (c). The availability curve in this case is shown in Figure 2-15 

(d), which is steeper than the corresponding curve of Figure 2-14 (d). The available angular 

space for a SINRth = −20 𝑑𝐵 is 41%, and for SINRth = −25 𝑑𝐵 is 64% in this case. 

The example of Figure 2-15 was only shown to demonstrate another possible form of 

the constraint vector. The results of the analysis of the array using this constraint vector shows 

that it does not perform any better than the previous example where the constraint vector 

corresponded to a single reference element, which is because of the much larger array boresight 

gain in the reference mode, and its poor performance at angles close to horizon. The reference 

mode constraint vector however, is usefull for the case of arrays with a very small aperture size 

[10].  

Another form of the constraint vector which is useful is in the case of arrays with dual-

polarized antenna elements. In such cases, since the orthogonal polarizations are controlled 

separately, it is preferrable to have the elements of the vector 𝐜 to have quadrature phase 

difference [53], to make sure that in the absence of interferene, the quiscent pattern of the array 
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is RHCP. This type of constraint vector will also be useful in this thesis. In general, the choice 

of the constraint vector is one of the degrees of freedom in the simple null-steering method and 

can be regarded as a paramter for the array performance optimization. 

  
(a) (b) 

  
(c) (d) 

Figure 2-15   The SINRout pattern (left) and the angular availability curve (right) for the array of Figure 

2-11, when the array weights are calculated from SPMIN with 𝐜 = [1 1 1 1]𝑇. (a) SINRout pattern, and 

(b) angular availability when no RFI is present. (c) SINRout pattern, and (d) angular availability when 

two interferers are incident from (𝜃, 𝜑) ={(45°, 45°), (60°, 90°)}. 

 

2.2.3.2.   DCPMIN 

In this approach, which is also referred to as the minimum variance distortion-less 

response (MVDR) [69], assuming the direction of the satellite signal is known, i.e. 𝐚𝑑 is 

known, the constraint vector is set to 𝐜 = 𝐚𝑑. The constraint in (51) is then 𝐰𝐻𝐚𝑑 = 𝛼, 

ensuring a gain of 𝛼 in the direction of the desired signal.  
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Since this approach uses the information of the direction of the desired signal, the 

performance of an array deploying this method is better than SPMIN. To demonstrate this, the 

same example of the antenna array of Figure 2-11 is considered again. This time, the 

performance is evaluated using DCPMIN with 𝛼 = √10, which ensures a 10 dBi gain towards 

the desired signal. Note that as opposed to the SPMIN, the DOA of the desired signal affects 

the computation of the complex weight vector 𝐰. In the analysis here, the desired signal DOA 

is assumed to be at (𝜃𝑑 , 𝜑𝑑) = (0∘, 0∘). 

In the absence of interferers, the optimum weight vector is 𝐰𝑜𝑝𝑡 =

[0.43𝑒−𝑗1.1 0.43𝑒−𝑗1.1 0.43𝑒−𝑗1.1 0.43𝑒−𝑗1.1]
𝑇. The array 3-D and 2-D gain patterns are 

shown in Figure 2-16 (a) and Figure 2-16 (b) respectively. The desired signal direction is 

marked by a blue dot in the 3-D pattern, and by an arrow in the 2-D pattern. Note that the 

DCPMIN method ensures that the gain is exactly10 dBi at the desired signal direction.  

Now, assume that an RHCP interferer is incident from (𝜃𝑖, 𝜑𝑖) = (45
∘, 45∘). The 

computed optimum weight vector from the DCPMIN method is 𝐰𝑜𝑝𝑡 =

[0.47𝑒−𝑗2 0.47𝑒−𝑗2 0.47𝑒−𝑗1.1 0.47𝑒−𝑗1.1]
𝑇. The 3-D and 2-D array gain patterns are 

shown in Figure 2-16 (c) and Figure 2-16 (d) respectively, in both of which the RFI direction 

is marked as before. A null is steered towards the RFI as expected. It can be seen in Figure 

2-16 (d), that even when an interferer is present, the DCPMIN method guarantees a 10 dBi 

gain at the direction the desired signal. 

Note that comparing the 2-D pattern of and Figure 2-12 (d) and Figure 2-16 (d), the 

main difference between the SPMIN and the DCPMIN becomes clear: as SPMIN does not use 

any knowledge of the desired signal DOA, it does not guarantee any specific gain at that 
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direction, whereas because DCPMIN specifically uses that knowledge and does guarantee a 

fixed gain at that direction. Examples of the array 3-D gain patterns for two and three 

interferers are shown in Figure 2-17. 

  
(a) (b) 

   
(c) (d)  

Figure 2-16   The gain patterns of the array of Figure 2-11 when the array response is determined by 

DCPMIN. The desired signal DOA is assumed to be (𝜃𝑑 , 𝜑𝑑) = (0°, 0°). (a) 3-D pattern in the absence 

of RFI. (b) 2-D pattern in the absence of RFI. (c) 3-D pattern when one RHCP RFI is incident from 

(𝜃𝑖, 𝜑𝑖) = (45°, 45°). (d) 2-D pattern when one RFI is incident from (𝜃𝑖, 𝜑𝑖) = (45°, 45°).  

 

RFI 

desired signal 

desired signal 

desired signal 

RFI 

desired signal 
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(a)  (b)  

Figure 2-17   The gain patterns of the array of Figure 2-11 when the array response is determined by 

DCPMIN. The desired signal DOA is assumed to be (𝜃𝑑 , 𝜑𝑑) = (0°, 0°). (a) 3-D pattern when two 

RHCP RFIs are incident from (𝜃𝑖, 𝜑𝑖) = {(45°, 45°), (60°, 90°)}. (b) 3-D pattern when three RHCP 

RFIs are incident from (𝜃𝑖, 𝜑𝑖) = {(45°, 45°), (60°, 90°), (60°, 270°)}. 

 

Next, the desired signal DOA is swept in the upper hemisphere to produce the SINRout 

pattern and the angular availability, shown in Figure 2-18. In the absence of any interference, 

the SINRout pattern and its corresponding availability curve are given in Figure 2-18 (a) and 

Figure 2-18 (b) respectively. These results show the better performance of the DCPMIN 

compared to the SPMIN results in Figure 2-15 (a) and Figure 2-15 (b). For this case, the 

available angular space for SINRth = −20 𝑑𝐵 and SINRth = −25 𝑑𝐵 are both 100%. 

 In the presence of two RHCP interferers, the SINRout pattern is given in Figure 2-18 

(c). The availability curve is shown in Figure 2-18 (d) which shows a better performance 

compared to the SPMIN result in Figure 2-14 (d), as the available angular space for a SINRth =

−20 𝑑𝐵 is 69%, and for SINRth = −25 𝑑𝐵 is 85%. 
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(a) (b) 

  
(c) (d) 

Figure 2-18   The SINRout pattern (left) and the angular availability curve (right) for the array of Figure 

2-11, when the array weights are calculated from DCPMIN. (a) SINRout pattern, and (b) angular 

availability when no RFI is present. (c) SINRout pattern, and (d) angular availability when two 

interferers are incident from (𝜃, 𝜑) ={(45°, 45°), (60°, 90°)}. 

 

The DCPMIN method has a better performance compared to SPMIN, but it requires 

the knowledge of the desired signal DOA. Furthermore, even if that information is available, 

this method only tracks one satellite in the form that was presented. To track more satellites, 

one could use a multiple-output processor, applying a different set of complex weights to the 

signals of each satellite in view, to track them at the same time. Alternatively, multiple 

directional constraint vectors for the different satellites can be added to the minimization 

problem [70], but such an approach comes at the cost of consuming more DOF from the array. 
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Tracking 𝑀 satellites using with an antenna array of 𝑁 elements using the multiple-

directionally-constrained method, only 𝑁 −𝑀 − 1 nulls can be placed in the pattern. 

A final comment is made regarding the practical means of acquiring information about 

the desired signal interference DOAs. Direction finding methods include the eigenstructure-

based multiple signal classification (MUSIC) method [71], [72], estimation of signal 

parameters via rotational invariance technique (ESPIRIT) [73], [74], the matrix pencil method 

(MPM) [75], and maximum likelihood methods (MLM) [76], [77]. For more details on these 

methods, see for example [78]. 

2.2.4.   Maximum Adaptive Array Gain 

An important feature of the DCPMIN method is that it is the optimum Wiener solution 

for a spatial filter, and is useful for establishing the theoretical bounds on the performance of 

the array [1]. It is known that the minimization of the output power with a directional constraint 

gives the same result as maximizing the SINR with the same constraint. This implies that in 

the absence of the interference, the SINR achieved by this method is the maximum value that 

can possibly be achieved by the array. This value is given by [79] 

 max {SNRout} =
𝜎𝑑

2

𝜎𝑛2
𝐚𝑑

𝐻𝐚𝑑 (53) 

and since SNRin = 𝜎𝑑
2/𝜎𝑛

2, a maximum adaptive array gain can be defined as 

 max {
SNRout
SNRin

} = 𝐚𝑑
𝐻𝐚𝑑 (54) 

Such a definition of gain is referred to as the array's white noise gain in [69]. The maximum 

adaptive array gain depends on the gain of each antenna element, but only for the polarization 
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component which matches that of the desired signal. So, for the GPS application, where the 

satellite signal is RHCP, the maximum adaptive array gain is simply the sum of the RHCP 

gains of all array elements. 

The maximum adaptive array gain will be used to compare different CRPAs in terms 

of their maximum ability to boost a desired signal. Since most of the radiation patterns in this 

thesis are azimuthally symmetric, the maximum gain will be averaged over the azimuthal 

plane. The result is then a 1-D curve which shows the variation of the maximum gain as a 

function of the elevation angles. 

For instance, the maximum gain of the array of Figure 2-11, is shown in Figure 2-19. 

In this figure, the horizontal axis is chosen to be cos (𝜃) instead of 𝜃. The reason for this choice 

is to make the area under the curve proportional to the solid angle in the 3-D space (since the 

area of a solid angle in spherical coordinates is proportional to sin (𝜃)). The curve of Figure 

2-19 shows that the gain has a peak at the zenith, equal to 11.4 dBi, which is exactly four times 

the gain of a single RHCP TM11 element at zenith (5.4 dBi). The gain then decreases at lower 

elevation angles, which is consistent with the element gain patterns of the array shown in 

Figure 2-6 (a). 
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Figure 2-19   The maximum adaptive array gain of the array of Figure 2-11. Each point is the average 

gain over all the azimuthal angles at a specific elevation angle.  

 

2.2.5.   Monte Carlo Simulations 

As the performance of a CRPA in terms of the SINR and availability, in general 

depends on the number and directions of the interferers, it is useful to study the array 

performance in many different RFI scenarios and then average the overall results. To do this, 

a series of Monte Carlo simulations are performed, where in each simulation, the angles of the 

interferers are randomly generated from a certain portion of the upper hemisphere. The 

performance of the array under study is then evaluated in each simulation and the overall 

results are averaged over all the simulations. Examples of such an approach can be found in 

[4], [8], [30], [37], [68]. Throughout this thesis, 100 Monte Carlo simulations are considered 

for the study of each CRPA.  

Regarding the incident angles of interferers, two cases are considered here. First case 

is when the interferers are incident from random angles in the upper hemisphere with uniform 
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probability distribution, i.e. the probability that an interferer originates from a certain angular 

space is assumed to be proportional to its solid angle. As such, in spherical coordinates, 𝜙𝑖𝑗s 

are chosen from the range [0,2𝜋] with uniform probability distribution and 𝜃𝑖𝑗s are chosen 

from the range [0, 𝜋/2] such that cos (𝜃𝑖𝑗) has uniform probability distribution in the range 

[0,1]. The second scenario is when the interferers are randomized from the low-elevation 

region, where 60° < 𝜃𝑖𝑗 < 90°, i.e. cos (𝜃𝑖𝑗) has uniform probability distribution in the range 

[0.5,1]. The reason to include this scenario is that in some studies such an assumption has been 

made regarding the interferers originating from ground-based sources [36], [37]. 

Also, two different cases for the polarization of the interferers will be considered. In 

one case, the interferers are assumed to be pure RHCP, and in the other case, the interferers 

are assumed to be randomly-polarized. The first case, i.e. RHCP interferers is the most 

common assumption in the literature, however, the second case is also considered here for a 

few reasons. First, most of the unintentional RFI may be modeled as randomly-polarized unless 

their sources are completely identified and known. Plus, the intentional jammers may not be 

designed for RHCP radiation since designing LP antennas is simpler in general, than CP. 

Finally, the polarization of the interfering plane wave that is received by an antenna may be 

changed due to the platform effects on the incident interfering plane wave. As an example, it 

has been shown that for GPS receivers on the fuselage of an airplane, the main polarization 

component of the interference received by the antenna is the one perpendicular to the fuselage, 

since the other polarization is reflected back by the conducting fuselage [80]. 

To consider randomly-polarized interferers, the interference polarization-phase vector 

is assumed �̂�𝑖 = 𝑒
𝑗𝜓𝑖(√1 − |𝜌𝑖|2𝜃 + 𝜌𝑖)�̂�, where 𝜓𝑖 is a random phase for the carrier signal, 
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randomized from [0,2𝜋] with uniform probability distribution and 𝜌𝑖 represents the ratio 

between the two linear polarization components, and is a complex number randomized with 

uniform probability distribution, from within the circle |𝜌𝑖| < 1 in the complex plane. 
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2.3.   Chapter Summary 

 The theoretical background information required for the material in this thesis was laid 

out in this chapter. First, the TMn1 mode circular microstrip antennas were reviewed. The 

radiation characteristics and resonant frequencies of the disk patch were reviewed using the 

cavity model and with the assumption of infinite ground plane. The resonant frequency of the 

shorted ring patch and ring patch antennas were also reviewed. This information will be used 

in the next chapters to design models of various configurations of CRPAs. 

To assess the performance of the CRPAs in this work, the general signal processing 

method for the array performance was demonstrated. The SINR at the output of an adaptive 

processor is the main metric used in this work, since it gives a practical estimate of the 

availability of the GPS service. The steady-state adaptive weights are calculated by the output 

power minimization subject to a single constraint. Two different constraint vectors which will 

be used in the next chapters, were defined: A simple null-steering approach SPMIN, which is 

suitable for low cost systems and when the satellite directions are not known, and a 

directionally-constrained approach DCPMIN, which requires the knowledge of the direction 

of the satellites, but is useful in assessing the maximum capability of an array in interference 

mitigation. 

With the theoretical background set in place, different array configurations will be 

studied in the next chapter. Specifically, arrays consisting of TMn1 multimode circular 

microstrip antennas will be considered to find out any possible improvement over the 

conventional single-mode arrays. 
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CHAPTER 3. PERFORMANCE ANALYSIS OF CRPAS 

OF MULTIMODE TMN1 ELEMENTS 

3.1.   Introduction 

This chapter is dedicated to the study of different array configurations for CRPA 

applications, using the methods and the performance metrics reviewed in the previous chapter. 

The main results of this chapter were presented in a conference paper [81] (4th place award in 

the student paper competition) and later in a journal paper [82]. 

In general, the performance of an adaptive array depends on the array element 

distribution, the number of its DOF, aperture size (and thus inter-element spacing), and the 

element radiation and polarization characteristics. In all array configurations considered in this 

thesis, the element distribution is assumed to be that of a uniform circular array (UCA), which 

has been shown to be optimum for a planar array [68]. 

As for the number of degrees of freedom, most of the CRPAs designed in the literature 

have 3-9 DOF [10]. In this work, CRPAs with 3 and 8 DOF will be considered, corresponding 

to CRPAs with 4 and 9 independent ports (or channels) respectively.  

It is well-known that the aperture size of an array affects its nulling resolution [8] and 

that the smaller the array size, the worse its nulling resolution [83]. This will be demonstrated 

in the first section of this chapter, mostly to verify the signal processing models and the analysis 
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approach. Once this phenomenon is demonstrated, in the subsequent sections, the effect of the 

aperture size is isolated by studying the array configurations with the same aperture size. 

The focus of this chapter is to study the effect of the antenna element radiation pattern 

and polarization on the performance of the CRPAs. For simplicity, only theoretical element 

patterns of the disk patch antennas on an infinite ground plane are used for the array models in 

this chapter, ignoring the effects of mutual coupling, finite ground plane and antenna losses. 

This allows us to study the impact of the element radiation pattern and polarization, 

independent of those effects. The results of this chapter will allow us to draw conclusions on 

the possibility of improving the performance of the planar CRPAs and their size reduction 

using the multimode TMn1 mode circular microstrip antenna elements. 

3.2.   Effect of Aperture Size on CRPA Performance 

The first parameter of a CRPA array to be studied is the array aperture size. For 

simplicity, to isolate the effect of individual element radiation patterns on the performance, the 

elements are considered to be isotropic dominant-mode (TM11) radiators in the upper 

hemisphere and be purely RHCP. This type of pattern can be produced by setting 𝑛 = 1, 

𝑓(𝜃) = 1 and 𝑔(𝜃) = −1 in (24).  

The resulting element radiation patterns are shown in Figure 3-1. The RHCP gain 

pattern is uniform in the entire upper hemisphere, as shown in Figure 3-1 (a). The cross-

polarization component (or LHCP) is zero as shown in Figure 3-1 (b). The value of the constant 

gain in the upper hemisphere is exactly 3 dBi, as shown in the 2-D plot of Figure 3-1 (c). 
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The array geometry is identical to Figure 2-11, with the difference that in this section, 

the array elements have isotropic TM11 patterns (shown in Figure 3-1). To investigate the effect 

of the array radius 𝑟𝑎 on the array performance, four values are considered as 𝑟𝑎 =

{0.35, 0.25, 0.15, 0.05} in terms of the free space wavelength 𝜆0, corresponding to inter-

element spacings of {0.5, 0.35, 0.21, 0.07} in 𝜆0 respectively. 

 

 

 

 

 

 

 
(c) 

(a) 

 
(b)  

Figure 3-1   The gain patterns of an isotropic RHCP TM11 element. (a) 3-D RHCP gain pattern. (b) 3-

D LHCP gain pattern. (c) 2-D gain patterns. 

 

3.2.1.   Maximum Adaptive Array Gain 

The maximum adaptive array gain, for the array of Figure 2-11 with isotropic RHCP 

TM11 elements is given in Figure 3-2. The curve is completely flat as expected, in contrast to 

Figure 2-19, which is the maximum gain for the same array but with non-isotropic elements. 
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The value of the maximum gain is 9 dBi, exactly four times the RHCP gain of a single isotropic 

element, 3 dBi. 

Note that the maximum array gain is the same for all the array aperture sizes in this 

case, since the array elements are assumed to be ideal and no mutual coupling is considered. 

This is of course an unrealistic assumption, but will be useful for studying the array element 

spacing on the array nulling performance, independent of the other factors. 

 

Figure 3-2   The maximum adaptive array gain for the array of Figure 2-11 with isotropic TM11 

elements. 

 

3.2.2.   SINRout Patterns for a Scenario with One RFI 

The SINRout patterns of the array in the presence of one RHCP interferer incident from 

(𝜃𝑖 , 𝜑𝑖) = (45∘, 45∘) are shown in this section, for various array radii 𝑟𝑎. The desired signal is 

assumed to be 20 dB below noise, and the RFI is assumed to be 20 dB above noise. 

The 3-D SINRout patterns, computed from the SPMIN method with 𝐜 = [1 0 0 0]𝑇, are 

shown in Figure 3-3. The RFI DOA is marked by a white cross in the plots. It can be seen that 

the null region increases in size for smaller array radii, which is an indication of reduction in 
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the array resolution. The corresponding 2-D SINRout patterns are shown in Figure 3-4. The 

loss in resolution as the array radius is reduced, is also evident in the 2-D plots. 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 3-3   The 3-D SINRout pattern for the array of Figure 2-11 with isotropic TM11 elements, for 

different array radii. One RHCP RFI is incident from (𝜃𝑖, 𝜑𝑖) = (45°, 45°) and the complex weights 

were calculated from SPMIN method with 𝐜 = [1 0 0 0]𝑇. (a) ra = 0.35𝜆0. (a) ra = 0.25𝜆0. (a) ra =
0.15𝜆0. (a) ra = 0.05𝜆0.  

 

    
(a) (b) (c) (d) 

Figure 3-4   The 2-D SINRout pattern for the array of Figure 2-11 with isotropic TM11 elements, for 

different array radii. One RHCP RFI is incident from (𝜃𝑖, 𝜑𝑖) = (45°, 45°) and the complex weights 

RFI RFI RFI RFI 

RFI RFI 

RFI RFI 
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were calculated from SPMIN method with 𝐜 = [1 0 0 0]𝑇. (a) ra = 0.35𝜆0. (a) ra = 0.25𝜆0. (a) ra =
0.15𝜆0. (a) ra = 0.05𝜆0.  

 

The 3-D SINRout patterns, computed from the DCPMIN method, are shown in Figure 

3-5. Once again, the resolution of the array decreases as the array radius is reduced, however, 

the formed null is much more localized in comparison to the SPMIN results in Figure 3-3. The 

corresponding 2-D plots are shown in Figure 3-6, which also clearly show the better 

performance of the DCPMIN method, when compared to the results of SPMIN method in 

Figure 3-4. 

 

(a)  

 

(b)  

 

(c)  

 

(d) 

Figure 3-5   The 3-D SINRout pattern for the array of Figure 2-11 with isotropic TM11 elements, for 

different array radii. One RHCP RFI is incident from (𝜃𝑖, 𝜑𝑖) = (45°, 45°) and the complex weights 

RFI RFI 

RFI RFI 
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were calculated from DCPMIN method. (a) ra = 0.35𝜆0. (a) ra = 0.25𝜆0. (a) ra = 0.15𝜆0. (a) ra =
0.05𝜆0.  

    
(a) (b) (c) (d) 

Figure 3-6   The 2-D SINRout pattern for the array of Figure 2-11 with isotropic TM11 elements, for 

different array radii. One RHCP RFI is incident from (𝜃𝑖, 𝜑𝑖) = (45
∘, 45∘) and the complex weights 

were calculated from DCPMIN method. (a) ra = 0.35𝜆0. (a) ra = 0.25𝜆0. (a) ra = 0.15𝜆0. (a) ra =
0.05𝜆0.  

 

3.2.3.   Monte Carlo Simulation Results 

100 Monte Carlo simulations were done with random angles of interferers, and the 

angular availability of the array was calculated for each case. The interferers were assumed to 

be incident from random angles in the upper hemisphere with uniform probability distribution. 

Also, the interferers were assumed to be RHCP, but this choice is not important at all for this 

case, as the array elements also only radiate (and receive) pure RHCP, and so the array is 

insensitive to any other polarization anyway. It is assumed that SNRin = −20 𝑑𝐵 and INRin =

20 𝑑𝐵. 

The results were of the analysis averaged over all the simulations. The angular 

availability curves are shown in Figure 3-7 (a) and Figure 3-7 (b) for the SPMIN and DCPMIN 

methods respectively. These average results clearly show the degradation of the array 

performance as the aperture size is reduced.  

RFI RFI RFI RFI 
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The availability curves for two fixed values of the SINRth, are given in Figure 3-8. Two 

values of the SINRth are chosen as -20 dB and -25 dB. The -20 dB threshold SINR value would 

be ideal since it is equal to the input SNR, i.e. when the interferers are suppressed to the noise 

level. The -25 dB threshold value is for the case when the requirements of the receiver are 

more relaxed and a 5 dB degradation in the SINR is acceptable. 

 The conclusion from this section is that the array nulling performance in a conventional 

array, i.e. consisting of dominant mode elements, depends on the inter-element spacing, and 

that an small array will perform worse even if the array elements are considered ideal and no 

mutual coupling is considered. This result suggests that the array miniaturization approach of 

designing miniaturized elements and then reducing the inter-element spacing, is practical only 

to some degree and is fundamentally limited by the nulling resolution of the arrays consisting 

of dominant-mode elements. Furthermore, in practice the mutual coupling is not negligible for 

very small arrays, and will also be another factor to the detriment of the performance. 
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RHCP Interference (𝟎° < 𝜽𝒊𝒋 < 𝟗𝟎°) 

 

(a) 

 

(b) 

 

Figure 3-7   The availability as a function of SINRth, for the array of Figure 2-11 with isotropic TM11 

elements, for different array radii. The complex weights were calculated from (a) SPMIN, and (b) 

DCPMIN. 
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RHCP Interference (𝟎° < 𝜽𝒊𝒋 < 𝟗𝟎°) 

 

(a)  

 

(b) 

 

Figure 3-8   The availability versus the number of interferers for the array of Figure 2-11 with isotropic 

TM11 elements, for different array radii, and for two fixed SINRth values. The complex weights were 

calculated from (a) SPMIN, and (b) DCPMIN. 

 

3.3.   Nine-Port CRPA Arrays 

In this section, different possible configurations of an array with nine ports or eight 

DOF are explored. Various types of elements are considered here to investigate their effect on 

the array performance. 
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3.3.1.   CRPA Array Configurations 

The array configurations to be studied in this section are shown in Figure 3-9. Figure 

3-9 (a) is a planar UCA of RHCP TM11 elements, and is the conventional and the most common 

type of CRPAs. Figure 3-9 (b) is a spherical array of nine RHCP TM11 elements, with the 

reference element placed at the top and the other elements placed at the equator facing the 

horizon. This array has been shown to perform much better in terms of the interference 

suppression, compared to the planar UCA of Figure 3-9 (a), and therefore serves as the 

benchmark for performance. 

Since the relations in (24) are only true for an antenna element sitting on the x-y plane 

perpendicular to the z-axis, the far-fields needed to be rotated appropriately for the elements 

of the spherical array, which were placed at its equator. This was accomplished theoretically 

by using the Euler-Rodriguez formula for the rotation of a vector in 3-D space, as summarized 

in the Appendix at end of this thesis. The radiation patterns of an RHCP TM11 antenna, shown 

in Figure 2-5 (a), rotated 90 degrees around the y-axis to face the horizon at 𝜙 = 0° are shown 

in Figure 3-10. Note that the original radiation patterns were computed with the assumption of 

an infinite ground plane and therefore, when the patterns are rotated, the back radiation which 

is now the region 90° < 𝜙 < 270° is zero. 

The next two array configurations, depicted in Figure 3-9 (c) and Figure 3-9 (d), are 

planar UCAs with multimode RHCP elements. Figure 3-9 (c) is an array consisting of four 

dual-mode TM11-TM21 elements and a reference TM11 element. Figure 3-9 (d) is an array 

consisting of three tri-mode TM11-TM21-TM31 elements, where one of the TM11 elements 

serves as the reference element. 



81 

 

Two arrays deploying dual-polarized elements are also considered, shown in Figure 

3-9 (e) and Figure 3-9 (f). Figure 3-9 (e) shows an array consisting of four dual-polarized TM11 

element and one RHCP reference element. Figure 3-9 (f) consists of three dual-mode TM11-

TM21 elements, where the TM11 patch is assumed to be RHCP and the TM21 patch is dual-

polarized. A cross is shown on the dual-polarized elements to distinguish them from the RHCP 

elements.  

The array elements in all configurations are considered to be ideal disk patches printed 

on a 𝜖𝑟 = 10 relative permittivity substrate with an infinite ground plane. The radii of the 

patches are 0.09 𝜆0, 0.15 𝜆0 and 0.21 𝜆0 for the TM11, TM21 and TM31 patches respectively 

and their radiation patterns are the same as the ones shown in Figure 2-2 for the LP elements, 

and in Figure 2-5 for the RHCP elements. 

In all array configurations, the elements are placed in such a way to make the array 

patches fit into a circle with a diameter equal to the free space wavelength. The array radii 𝑟𝑎, 

defined as the distance between the center of the array to the center of an array element, are 

therefore, 0.41 𝜆0, 0.5 𝜆0, 0.35 𝜆0, 0.29 𝜆0, 0.41 𝜆0, 0.35 𝜆0, for arrays of Figure 3-9 (a) to 

Figure 3-9 (f) respectively. The inter-element spacing 𝑑 is defined as the distance between the 

centers of two adjacent elements, which is 0.28 𝜆0, 0.38 𝜆0, 0.41 𝜆0, 0.5 𝜆0, 0.48 𝜆0, 0.6 𝜆0, 

for arrays of Figure 3-9 (a) to Figure 3-9 (f) respectively. 

 Note that given the many options of choosing the elements for the arrays, there are 

many other possible configurations for an array with eight DOF. The configurations shown in 

Figure 3-9 are however sufficient to draw conclusions about the effect of different 

characteristics of each element type on the array performance. 
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(a) (b) 

 

 

(c) (d) 

  
(e) (f) 

Figure 3-9   Different configurations for an array with nine ports. (a) A planar UCA of nine RHCP 

TM11 elements. (b) A spherical array of RHCP TM11 elements. (c) A planar array of four RHCP TM11 

elements and four dual-polarized TM11 elements. (d) A planar array of three RHCP multimode TM11-

TM21-TM31 elements. (e) A planar array of one RHCP TM11 element and four dual-polarized TM11 

elements. (f) A planar array of three CP TM11 elements and three auxiliary dual-polarized TM21 

elements. 
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(c) 

(a) 

 
(b)  

Figure 3-10   The gain patterns of an RHCP TM11 mode disk patch antenna, rotated to face the horizon 

at 𝜙 = 0°. (a) 3-D RHCP gain pattern. (b) 3-D LHCP gain pattern. (c) 2-D gain patterns. 

 

3.3.2.   Maximum Adaptive Array Gain 

The maximum adaptive array gain of the arrays of Figure 3-9, computed from (54) are 

shown in Figure 3-11. The gain of the conventional RHCP TM11 array (Figure 3-9 (a)), is 

represented by the black curve, which has a maximum of 15 dBi at zenith and almost linearly 

decreases to 8 dBi at horizon. The variation of the gain is therefore 7 dB across the elevation 

plane. This curve is similar to the curve in Figure 2-19.  

In contrast to the conventional array, the spherical array of RHCP TM11 elements 

(Figure 3-9 (b)), has a maximum gain that stays more or less constant at around 9.5 dBi over 

all elevation angles, as shown by the dashed red curve. This is because the array elements on 
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its equator are pointed at the horizon. The maximum gain variation for the spherical array is 

only 0.6 dB. Such great gain uniformity also results in a uniform output SINR for this array 

[36]. 

 The gain curves of the arrays of dual-mode and tri-mode RHCP elements of the Figure 

3-9 (c) and Figure 3-9 (d), are shown by the blue and green curves respectively. Both these 

curves reach their maximum at an off-zenith angle and then decrease towards the horizon. The 

maximum gain of the TM11-TM21 array is closer to the zenith, when compared to the maximum 

gain of the tri-mode TM11-TM21-TM31 array, which is because the maximum gain of a TM31 

element's radiation pattern is closer to the horizon, as shown in Figure 2-6. The gain variation 

of the dual-mode array is 4 dB and that of the tri-mode array is 2.6 dB. 

 The gain curve of the array (e), corresponding to the array of dual-polarized TM11 

elements in Figure 3-9 (e), has its maximum of 12.5 dBi at the zenith and decreases to 8 dBi 

at the horizon, resulting in a maximum variation of 4.5 dB. The trend of this curve is similar 

to that of the array (a), but remains lower compared to it, since each linear polarization of a 

dual-polarized element has an RHCP gain 3 dB lower than that of an RHCP element. 

 Finally, the gain of the array (f), corresponding to the dual-mode array of Figure 3-9 

(f), with RHCP TM11 elements and auxiliary dual-polarized TM21 elements is represented by 

the orange curve. This curve has its maximum at an off-zenith angle and slowly decreases to 

9.4 dBi at the horizon, with a maximum gain variation of 1.9 dB, which is the smallest gain 

variation among all the arrays of Figure 3-9, except for the spherical array (b). 
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Figure 3-11   The maximum adaptive array gain, computed from (54), for the arrays of Figure 3-9. The 

gain shown at each elevation angle is the average in the azimuthal plane. 

 

3.3.3.   SINRout Patterns for a Scenario with Six RFIs 

Before presenting the results of the Monte Carlo analysis, the results for an interference 

scenario with six RFIs are presented. It is assumed that SNRin = −20 𝑑𝐵 and INRin = 20 𝑑𝐵. 

The 3-D SINRout patterns for the CRPA arrays of Figure 3-9, are shown in Figure 3-12, when 

the interferers are RHCP and the null-steering method is SPMIN with 𝐜 = [1 0…  0]𝑇. The 

results for the same null-steering method, but with the assumption of randomly-polarized 

interferers are shown in Figure 3-13. The patterns show that the nulls formed in the pattern can 

be very different for the different arrays, so the array element type actually greatly influences 

the array performance in suppressing interferers. For example, Figure 3-12 (f) which 

corresponds to the array of Figure 3-9 (f), has more localized nulls and much better coverage 
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at the low-elevation region. compared to the Figure 3-12 (a), which corresponds to the 

conventional array of Figure 3-9 (a). 

Furthermore, comparing the SINRout patterns in Figure 3-12 and those in Figure 3-13, 

it is observed that the arrays (a), (c) and (d), have somewhat similar performance, whether the 

interferers are RHCP or randomly-polarized. This implies that when a planar array uses only 

one dominant polarization for reception, then it is insensitive to the polarization of the 

interferers. On the other hand, the spherical array (b) performs slightly different for the two 

cases and, the arrays utilizing dual-polarized elements, i.e. array (e) and (f) have entirely 

different performance for the RHCP and randomly-polarized interferers. So, the array 

performance becomes sensitive to the polarization of the interfere if the array structure is non-

planar, or if the array elements are dual-polarized. 

Figure 3-13 (e) and Figure 3-13 (f) show a well-known property of dual-polarized 

arrays. In these plots, the SINRout pattern does not necessarily have a null in the direction of 

the RFI. This is because, a dual-polarized array has full control over the polarization 

components of its radiation pattern, which allows for the nulling of the specific component of 

the pattern corresponding to an RFI. For instance, if the RFI is horizontally-polarized, then a 

dual-polarized array places a null only in the horizontal component of the overall radiation 

pattern of the array. As such, the RHCP component of the pattern does not necessarily has to 

be nulled even at the direction of the interferer. This means that the reception of the desired 

RHCP signal is possible even if the desired signal and interferer DOA are the same, as long as 

their polarizations do not match.  
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The performance of the arrays for the same RFI scenario, computed with the DCPMIN 

method is shown in Figure 3-14 and Figure 3-15 for RHCP and randomly-polarized interferers 

respectively. As expected, the overall performance of all array configurations is better with 

DCPMIN method, compared to SPMIN method. Also, the same phenomenon explained 

regarding the randomly-polarized interferers and the arrays consisting of dual-polarized 

elements can be observed in results of Figure 3-15 (e) and Figure 3-15 (f). 
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RHCP Interference- SPMIN 

  

(a)  (b) 

  

(c)  (d) 

  

(e)  (f)  

Figure 3-12   The 3-D SINRout pattern and the angular availability for the array configurations shown 

in Figure 3-9, when six RHCP interferers are incident at (𝜃𝑖, 𝜑𝑖) ={(45°, 45°), (60°, 90°), (65°, 140°), 
(85°, 200°), (80°, 245°), (75°, 290°)}. The adaptive weights were calculated with the SPMIN method 

with 𝐜 = [1 0…  0]𝑇. (a) Array of Figure 3-9 (a). (b) Array of Figure 3-9 (b). (c) Array of Figure 3-9 

(c). (d) Array of Figure 3-9 (d). (e) Array of Figure 3-9. (e). (f) Array of Figure 3-9 (f). 
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Randomly-Polarized Interference- SPMIN 

  

(a)  (b) 

  

(c) (d) 

  

(e) (f) 

Figure 3-13   The 3-D SINRout pattern and the angular availability for the configurations shown in 

Figure 3-9, when six randomly-polarized interferers are incident at (𝜃𝑖, 𝜑𝑖) ={(45°, 45°), (60°, 90°), 
(65°, 140°), (85°, 200°), (80°, 245°), (75°, 290°)}. The adaptive weights were calculated with the 

SPMIN method with 𝐜 = [1 0…  0]𝑇. (a) Array of Figure 3-9 (a). (b) Array of Figure 3-9 (b). (c) Array 

of Figure 3-9 (c). (d) Array of Figure 3-9 (d). (e) Array of Figure 3-9. (e). (f) Array of Figure 3-9 (f). 
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RHCP Interference- DCPMIN 

  

(a) (b) 

  

(c)  (d) 

  

(e) (f) 

Figure 3-14   The 3-D SINRout pattern and the angular availability for the configurations shown in 

Figure 3-9, when six RHCP interferers are incident at (𝜃𝑖, 𝜑𝑖) ={(45°, 45°), (60°, 90°), (65°, 140°), 
(85°, 200°), (80°, 245°), (75°, 290°)}. The adaptive weights were calculated with the DCPMIN 

method. (a) Array of Figure 3-9 (a). (b) Array of Figure 3-9 (b). (c) Array of Figure 3-9 (c). (d) Array 

of Figure 3-9 (d). (e) Array of Figure 3-9. (e). (f) Array of Figure 3-9 (f). 
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Randomly-Polarized Interference- DCPMIN 

  

(a) (b) 

  

(c)  (d) 

  

(e) (f) 

Figure 3-15   The 3-D SINRout pattern and the angular availability for the configurations shown in 

Figure 3-9, when six randomly-polarized interferers are incident at (𝜃𝑖, 𝜑𝑖) ={(45°, 45°), (60°, 90°), 
(65°, 140°), (85°, 200°), (80°, 245°), (75°, 290°)}. The adaptive weights were calculated with the 

DCPMIN method. (a) Array of Figure 3-9 (a). (b) Array of Figure 3-9 (b). (c) Array of Figure 3-9 (c). 

(d) Array of Figure 3-9 (d). (e) Array of Figure 3-9. (e). (f) Array of Figure 3-9 (f). 
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3.3.4.   Monte Carlo Simulation Results 

To study the performance of the arrays of Figure 3-9, a series of 100 Monte Carlo 

simulations were carried out. In all simulations, the desired signal power was assumed to be 

20 dB below noise and the interferer powers were assumed to be 20 dB above noise. 

The results of the Monte Carlo simulations, are shown in Figure 3-16 and Figure 3-17 

for the case of RHCP interferers incident from the upper hemisphere (0° < 𝜃𝑖𝑗 < 90°). Figure 

3-16 shows the angular availability as a function of the SINRth, for three different number of 

interferes, and Figure 3-17 shows the angular availability as a function of the number of the 

interferers, for two fixed values of SINRth. It is seen from these results that the performances 

of all arrays are very similar when the number of interferers is less than five, and differences 

show up only when the number of interferers exceeds five. Overall, the planar configurations 

in Figure 3-9 (c)-(f) all perform better than the conventional planar array of Figure 3-9 (a). The 

array utilizing both dual-mode and dual-polarization, i.e. Figure 3-9 (f) however, seems to be 

slightly better than others, with a performance close to that of the spherical array (b).  

The results of the Monte Carlo simulations, with the assumption of RHCP interferers 

incident from the low-elevation angle region (60° < 𝜃𝑖𝑗 < 90°), are shown in Figure 3-18 and 

Figure 3-19. The results are similar to the previous case with slightly less noticeable differences 

between the different arrays. Once again, the array of Figure 3-9 (f) seems to be have the best 

performance among the planar arrays of Figure 3-9. 

The next set of results are from the Monte Carlo simulations with the assumption of 

randomly-polarized interferers. Figure 3-20 and Figure 3-21 show the results when the 

interferers are incident from the upper hemisphere (0° < 𝜃𝑖𝑗 < 90°), and Figure 3-22 and 
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Figure 3-23 show the results for the case where the interferers are incident from the low-

elevation region (60° < 𝜃𝑖𝑗 < 90°). These sets of results are very interesting as they show that 

the two planar arrays which utilize dual-polarized elements, i.e. the array of Figure 3-9 (e) and 

the array of Figure 3-9 (f), in general perform much better than the arrays utilizing only RHCP 

elements. This demonstrates that if the RFI situation is such that the interferers can be assumed 

to be randomly-polarized, then great improvement in the array performance can be achieved 

by utilizing dual-polarized antenna elements. This is a completely new insight, because as 

mentioned before, most of the research in the literature had assumed the interferers to be 

RHCP. 

The overall conclusions from the results in this section are, first, that the dual-mode 

TM11-TM21 array of Figure 3-9 (e), has the best performance among the planar CRPA arrays 

of Figure 3-9 in all interference scenarios; and second, that in general, when the RFI can be 

assumed to be randomly-polarized, it is better to use dual-polarized elements in the array. 
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RHCP Interference (𝟎° < 𝜽𝒊𝒋 < 𝟗𝟎°) 

  
(a) (b) 

 

Figure 3-16   The angular availability as a function of SINRth, for the arrays of Figure 3-9, for different 

number of RHCP interferers incident from the upper hemisphere (0° < 𝜃𝑖𝑗 < 90°). The adaptive 

weights are computed using (a) SPMIN and (b) DCPMIN. 
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RHCP Interference (𝟎° < 𝜽𝒊𝒋 < 𝟗𝟎°) 

  

(a) (b) 

 

Figure 3-17   The angular availability as a function of the number of interferers, for the arrays of Figure 

3-9, for two fixed SINRth values. The interferers are assumed to be RHCP and incident from the upper 

hemisphere (0° < 𝜃𝑖𝑗 < 90°), and the complex weights are computed using (a) SPMIN and (b) 

DCPMIN. 
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RHCP Interference (𝟔𝟎° < 𝜽𝒊𝒋 < 𝟗𝟎°) 

  
(a) (b) 

 

Figure 3-18   The angular availability as a function of SINRth, for the arrays of Figure 3-9, for different 

number of RHCP interferers incident from the low-elevation region (60° < 𝜃𝑖𝑗 < 90°). The adaptive 

weights are computed using (a) SPMIN and (b) DCPMIN. 

 



97 

 

RHCP Interference (𝟔𝟎° < 𝜽𝒊𝒋 < 𝟗𝟎°) 

  

(a) (b) 

 

Figure 3-19   The angular availability as a function of the number of interferers, for the arrays of Figure 

3-9, for two fixed SINRth values. The interferers are assumed to be RHCP and incident from low-

elevation region (60° < 𝜃𝑖𝑗 < 90°), and the complex weights are computed using (a) SPMIN and (b) 

DCPMIN. 
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Randomly-Polarized Interference (𝟎° < 𝜽𝒊𝒋 < 𝟗𝟎°) 

  
(a) (b) 

 

Figure 3-20   The angular availability as a function of SINRth, for the arrays of Figure 3-9, for different 

number of randomly-polarized interferers incident from the upper hemisphere (0° < 𝜃𝑖𝑗 < 90°). The 

adaptive weights are computed using (a) SPMIN and (b) DCPMIN.  
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Randomly-Polarized Interference (𝟎° < 𝜽𝒊𝒋 < 𝟗𝟎°) 

  

(a) (b) 

 

Figure 3-21   The angular availability as a function of the number of interferers, for the arrays of Figure 

3-9, for two fixed SINRth values. The interferers are assumed to be randomly-polarized and incident 

from the upper hemisphere (0° < 𝜃𝑖𝑗 < 90°), and the complex weights are computed using (a) SPMIN 

and (b) DCPMIN. 
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Randomly-Polarized Interference (𝟔𝟎° < 𝜽𝒊𝒋 < 𝟗𝟎°) 

  
(a) (b) 

 

Figure 3-22   The angular availability as a function of SINRth, for the arrays of Figure 3-9, for different 

number of randomly-polarized interferers incident from the low-elevation region (60° < 𝜃𝑖𝑗 < 90°). 

The adaptive weights are computed using (a) SPMIN and (b) DCPMIN.  
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Randomly-Polarized Interference (𝟔𝟎° < 𝜽𝒊𝒋 < 𝟗𝟎°) 

  

(a) (b) 

 

Figure 3-23   The angular availability as a function of the number of interferers, for the arrays of Figure 

3-9, for two fixed SINRth values. The interferers are assumed to be randomly-polarized and incident 

from low-elevation region (60° < 𝜃𝑖𝑗 < 90°), and the complex weights are computed using (a) SPMIN 

and (b) DCPMIN. 
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3.4.   Four-Port CRPAs 

In this section, CRPAs with four ports (three DOF) are studied. Such arrays are smaller 

in size and more useful for applications where compactness is the main requirement. 

3.4.1.   CRPA Configurations 

Three antenna configurations are considered in this section as shown in Figure 3-24. 

The first configuration is a conventional array of four RHCP TM11 elements, shown in Figure 

3-24 (a) and the second is an array of two dual-polarized TM11 elements, shown in Figure 3-24 

(b). The third CRPA is a single dual-mode TM11-TM21 antenna. Such a configuration has been 

studied in [56], where both TM11 and TM21 modes were used in RHCP mode, resulting in only 

one degree of freedom. To maximize the degrees of freedom of the dual-mode TM11-TM21 

antenna, both orthogonal polarizations of both modes are utilized here. Such a configuration 

then has three DOF for nulling. The geometry is shown in Figure 3-24 (c).  

For the dual-mode antenna of Figure 3-24 (c), it is assumed that the two modes are 

excited by disk patches printed on a substrate with dielectric constant of 𝜖𝑟 = 10, so the overall 

diameter of the antenna is 0.3 𝜆0. To keep the aperture size of all the configurations in Figure 

3-24 the same, the two conventional arrays must be fit into a circle with a 0.3 𝜆0 diameter. 

Such an array size is not possible with the assumption of 𝜖𝑟 = 10 for the TM11 elements (since 

the diameter of each TM11 element is 0.09 𝜆0 if printed on a 𝜖𝑟 = 10 substrate), therefore for 

these two cases (i.e. Figure 3-24 (a) and Figure 3-24 (b)), the elements are assumed to be 

printed on a substrate with a dielectric relative permittivity of 𝜖𝑟 = 30. The diameter of a TM11 

disk patch on such a substrate is 0.05 𝜆0. With this choice, array radius and the inter-element 
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spacing are 𝑟𝑎 = 0.125 𝜆0 and 𝑑 = 0.18 𝜆0 respectively, for the RHCP array of Figure 3-24 

(a), and 𝑟𝑎 = 0.125 𝜆0 and 𝑑 = 0.25 𝜆0 respectively, for the dual-polarized array of Figure 

3-24 (b).  

 
 

 

(a) (b) (c) 

Figure 3-24   Different configurations for a CRPA with four ports. (a) An array of four RHCP TM11 

elements, which are assumed to be disk patches on a substrate with 𝜖𝑟 = 30. (b) An array of two dual-

polarized TM11 elements, which are assumed to be disk patches on a substrate with 𝜖𝑟 = 30 (c) A dual-

polarized dual-mode TM11-TM21 element, assumed to be a stacked configuration of two disk patches 

on substrates with 𝜖𝑟 = 10. 

 

3.4.2.   Maximum Adaptive Array Gain 

The maximum adaptive array gains of the three CRPAs of Figure 3-24 are shown in 

Figure 3-25. The array of four RHCP TM11 elements (array (a) in Figure 3-25) has the highest 

overall gain of 11 dBi at zenith, which decreases to 4.6 dB at horizon. The curve is similar to 

the one shown in Figure 2-19.  

The array of two dual-polarized TM11 elements (array (b) in Figure 3-25), has a lower 

gain of 8 dBi at zenith, exactly 3 dB lower than array (a). This is because the maximum 

adaptive array gain is the maximum total RHCP gain of the array and the RHCP gain of each 
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LP component of the dual-polarized elements is exactly 3 dB lower than an RHCP element. 

The gain curve in this case, reduces to the same value of 4.6 dBi at the horizon.  

The dual-polarized dual-mode antenna (array (c) in Figure 3-25) has a gain curve which 

is limited between 5.4 dB and 6.4 dB and therefore has minimal variation in the upper 

hemisphere, which is a result of combining the TM11 and TM21 mode radiation patterns. 

It is emphasized again that the gain curves in Figure 3-25 are for the ideal arrays, i.e. 

elements with no mutual coupling or loss, placed on an infinite ground plane. Of course, in a 

real design, one would expect the gains to be much smaller due to the mentioned effects. 

 

Figure 3-25   The maximum adaptive array gain, computed from (54), for the arrays of Figure 3-24. 

The gain shown at each elevation angle is the average in the azimuthal plane. 

 

3.4.3.   SINRout Patterns for a Scenario with Two RFIs 

The SINRout patterns of the CRPAs of Figure 3-24 for a scenario with two RHCP 

interferers, are shown in this section. It is assumed that SNRin = −20 𝑑𝐵 and INRin = 20 𝑑𝐵. 

Furthermore, for the SPMIN method, it is assumed that 𝐜 = [1 0 0 0]𝑇for the RHCP array of 
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Figure 3-24 (a), and 𝐜 = [1 j 0 0]𝑇 for the dual-polarized arrays of Figure 3-24 (b) and Figure 

3-24 (c). The latter choice ensures that in the absence of any interferers, the CRPA operates in 

the RHCP mode [52]. 

As shown in Figure 3-26, the patterns computed by the DCPMIN method are in general 

better than those computed with the SPMIN method. Furthermore, the dual-polarized dual-

mode CRPA of Figure 3-24 (c) seems to provide the best performance compared to the other 

two conventional CRPAs utilizing only the TM11 mode.  

Figure 3-27 shows the results for the same interferer angles but with the assumption of 

random polarization for the interferers. As expected, the pattern for the array of Figure 3-24 

(a) with RHCP elements, shown in Figure 3-27 (a), is not changed much compared to the case 

of RHCP interferers, i.e. Figure 3-26 (a). The patterns of the other two CRPAs, Figure 3-27 

(b) and Figure 3-27 (c), are however different compared to the results of Figure 3-26 (b) and 

Figure 3-26 (c) respectively, once again confirming that the behaviour of the CRPAs which 

utilize dual-polarized elements is different in the presence of RHCP and randomly-polarized 

interferers.  
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RHCP Interference 

  

(a)  

  

(b) 

  

(c) 

Figure 3-26   The SINRout pattern for the configurations shown in Figure 3-24, when two RHCP 

interferers are incident at (𝜃𝑖, 𝜑𝑖) ={(45°, 45°), (60°, 90°)}. The adaptive weights are calculated from 

SPMIN (left) and DCPMIN (right). (a) CRPA of Figure 3-24 (a). (b) CRPA of Figure 3-24 (c). CRPA 

of Figure 3-24 (c).  
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Randomly-Polarized Interference 

  

(a) 

  

(b) 

  

(c) 

Figure 3-27   The SINRout pattern for the configurations shown in Figure 3-24, when two randomly-

polarized interferers are incident at (𝜃𝑖, 𝜑𝑖) ={(45°, 45°), (60°, 90°)}. The adaptive weights are 

calculated from SPMIN (left) and DCPMIN (right). (a) CRPA of Figure 3-24 (a). (b) CRPA of Figure 

3-24 (c). CRPA of Figure 3-24 (c).  
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3.4.4.   Monte Carlo Simulation Results 

The averaged results of 100 Monte Carlo simulations for the arrays of Figure 3-24, are 

presented in this section. Figure 3-28 and Figure 3-29 show the results for the case of RHCP 

interferers incident from the upper hemisphere. Figure 3-29 and Figure 3-30 show the results 

for RHCP interferers incident from the low-elevation angle region (60° < 𝜃𝑖𝑗 < 90°). The 

results are very clear in this case, indicating a superior performance for the dual-polarized dual-

mode TM11-TM21 antenna, i.e. configuration (c) in Figure 3-24. It can also be seen that the 

dual-polarized TM11 array (b) provides some improvement over the conventional RHCP TM11 

array (a).  

The results of the Monte Carlo simulation for the case of randomly-polarized 

interferers, are shown in Figure 3-32 and Figure 3-33 for incident angles in the upper 

hemisphere, and in Figure 3-34 and Figure 3-35 for incident angles at the low-elevation region 

(60° < 𝜃𝑖𝑗 < 90°). As seen from these results, the dual-polarized dual-mode TM11-TM21 

antenna's performance is better than both RHCP and dual-polarized TM11 arrays. 

The results of this section are significant, as they suggest that a multimode antenna, 

such as the one shown in Figure 3-24 (c), has a better nulling performance compared to arrays 

of dominant-mode elements, even though all the radiation in this antenna is originating from 

the same phase center. Furthermore, as opposed to the arrays of dominant-mode elements 

where the nulling resolution was shown to degrade for smaller element separation distances 

(section 3.2), the nulling resolution of the multimode antenna of Figure 3-24 (c) will not 

degrade if the element is further miniaturized. This is because, as shown in Table 2-2, the 

radiation properties of antenna elements do not change much when substrate permittivity is 
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increased beyond 𝜖𝑟 = 10. So for example, the antenna of Figure 3-24 (c) could be built on a 

substrate with a relative permittivity of 𝜖𝑟 = 40, for 50% size reduction, without the nulling 

performance being affected. It should however be reminded, that this is only true for the ideal 

case considered here, i.e. infinite ground plane and no antenna losses. In practice, antenna 

miniaturization leads to an increase in the antenna quality factor and therefore a reduction in 

antenna bandwidth and an increase in antenna losses. 
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RHCP Interference (𝟎° < 𝜽𝒊𝒋 < 𝟗𝟎°) 

 

 

 
(a) (b) 

 

Figure 3-28   The angular availability as a function of SINRth, for the CRPAs of Figure 3-24, for 

different number of RHCP interferers incident from the upper hemisphere (0° < 𝜃𝑖𝑗 < 90°). The 

adaptive weights were computed using (a) SPMIN and (b) DCPMIN.  
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RHCP Interference (𝟎° < 𝜽𝒊𝒋 < 𝟗𝟎°) 

  

(a) (b) 

 

Figure 3-29   The angular availability as a function of the number of interferers, for the CRPAs of 

Figure 3-24, for two fixed SINRth values. The interferers are assumed to be RHCP and incident from 

the upper hemisphere (0° < 𝜃𝑖𝑗 < 90°). The complex weights were computed using (a) SPMIN, and 

(b) DCPMIN. 
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RHCP Interference (𝟔𝟎° < 𝜽𝒊𝒋 < 𝟗𝟎°) 

 

 

 
(a) (b) 

 

Figure 3-30   The angular availability as a function of SINRth, for the CRPAs of Figure 3-24, for 

different number of RHCP interferers incident from the low-elevation region (60° < 𝜃𝑖𝑗 < 90°). The 

adaptive weights were computed using (a) SPMIN and (b) DCPMIN.  
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RHCP Interference (𝟔𝟎° < 𝜽𝒊𝒋 < 𝟗𝟎°) 

  

(a) (b) 

 

Figure 3-31   The angular availability as a function of the number of interferers, for the CRPAs of 

Figure 3-24, for two fixed SINRth values. The interferers are assumed to be RHCP and incident from 

the low-elevation region (60° < 𝜃𝑖𝑗 < 90°). The complex weights were computed using (a) SPMIN, 

and (b) DCPMIN. 
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Randomly-Polarized Interference (𝟎° < 𝜽𝒊𝒋 < 𝟗𝟎°) 

  
(a) (b) 

 

Figure 3-32   The angular availability as a function of SINRth, for the CRPAs of Figure 3-24, for 

different number of randomly-polarized interferers incident from the upper hemisphere (0° < 𝜃𝑖𝑗 <

90°). The adaptive weights were computed using (a) SPMIN and (b) DCPMIN.  
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Randomly-Polarized Interference (𝟎° < 𝜽𝒊𝒋 < 𝟗𝟎°) 

  

(a) (b) 

 

Figure 3-33   The angular availability as a function of the number of interferers, for the CRPAs of 

Figure 3-24, for two fixed SINRth values. The interferers were assumed to be randomly-polarized and 

incident from the upper hemisphere (0° < 𝜃𝑖𝑗 < 90°). The complex weights are computed using (a) 

SPMIN, and (b) DCPMIN. 
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Randomly-Polarized Interference (𝟔𝟎° < 𝜽𝒊𝒋 < 𝟗𝟎°) 

  
(a) (b) 

 

Figure 3-34   The angular availability as a function of SINRth, for the CRPAs of Figure 3-24, for 

different number of randomly-polarized interferers incident from the low-elevation region (60° <
𝜃𝑖𝑗 < 90°). The adaptive weights were computed using (a) SPMIN and (b) DCPMIN.  
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Randomly-Polarized Interference (𝟔𝟎° < 𝜽𝒊𝒋 < 𝟗𝟎°) 

  

(a) (b) 

 

Figure 3-35   The angular availability as a function of the number of interferers, for the CRPAs of 

Figure 3-24, for two fixed SINRth values. The interferers are assumed to be randomly-polarized and 

incident from the low-elevation region (60° < 𝜃𝑖𝑗 < 90°). The complex weights were computed using 

(a) SPMIN, and (b) DCPMIN. 
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3.5.   Chapter Summary 

The potentials of utilizing multimode circular microstrip patch antenna elements in 

CRPAs was investigated in this chapter. This was done with the two main goals of improving 

the performance of a planar CRPA array in terms of its angular availability, and miniaturizing 

the size of an array. All the analyses performed in this chapter were under ideal theoretical 

conditions, with the assumption of infinite ground plane for the array elements and no mutual 

coupling or antenna losses. 

First, a four-element array of isotropic RHCP TM11 elements was studied and its 

performance evaluated for different inter-element spacings. This was done to verify the 

soundness of the signal processing approach, and to demonstrate the well-known fact that the 

nulling resolution is fundamentally limited by the inter-element spacing for conventional 

arrays of dominant-mode elements. The nulling resolution degrades as the inter-element 

spacing is reduced. 

Then, different configurations of a CRPA array with nine ports were considered. These 

configurations included a conventional planar array of RHCP TM11 elements, a spherical array 

of RHCP TM11 elements, two arrays of dual-mode and tri-mode RHCP elements, an array of 

dual-polarized TM11 elements and an array of dual-mode TM11-TM21 elements where the 

second mode was dual-polarized. The number of the elements and the element distribution was 

adjusted such that all the arrays had the same aperture size and the same number of ports (and 

hence DOF). Through extensive Monte Carlo simulations for difference cases of the 

polarization of the interferers and their incident angles, it was shown that: 
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1. The planar polarimetric arrays, i.e. arrays utilizing dual-polarized elements, in general 

provided significant improvement over the conventional planar RHCP array for the 

case of randomly-polarized interferers. 

2. The array which utilized both polarization diversity and mode diversity, i.e. the dual 

mode array of TM11-TM21 elements where the second mode patch was dual-polarized, 

provided the best performance among the planar arrays, in all RFI scenarios [81], 

[82]. Its performance was shown to be similar to a spherical array, which is known for 

having the best upper hemisphere coverage [36], [37]. 

The results mentioned above were presented in the 2017 International Union of Radio 

Scientists (URSI) General Assembly and Scientific Symposium [81] winning a student paper 

prize and later in a IEEE Transaction journal paper [82]. 

The next section was dedicated to the study of the compactness that can be achieved 

by a multimode antenna. A dual-polarized dual-mode TM11-TM21 antenna, providing three 

DOF was considered. The size of the patch (assuming stacked disk patches), was only 0.3 𝜆0 

in diameter. The performance of this antenna was studied extensively through the Monte Carlo 

simulations and it was shown that its performance exceeded those of a conventional array of 

four RHCP TM11 elements and an array of two dual-polarized TM11 elements, for the same 

aperture size. 

The conclusion drawn from the last section is specially interesting as one could imagine 

a dual-mode antenna printed on a very high dielectric constant substrate. The size of such an 

antenna can hypothetically be made very small, but since as it was shown in Table 2-2, the 

radiation properties of the modes do not change much for dielectric constants larger than 10, 
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the nulling resolution of the multimode antenna would also remain unchanged. In conclusion, 

under ideal conditions, in contrast to the arrays of arrays of dominant-mode elements where 

the nulling resolution is limited by the array inter-element spacing, the nulling resolution in a 

multimode antenna element does not degrade for arbitrarily small sizes of the antenna. 

With the overall positive results of this chapter regarding the utilization of multimode 

TMn1 antenna elements in CRPAs, it is natural to move towards studying the practical 

considerations of the designs of such arrays. In the next chapter, the issue of mutual coupling 

between the elements of an array of TMn1 elements is qualitatively studied. The assumptions 

of no antenna losses and the presence of an infinite ground plane are however still retained. 
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CHAPTER 4. A STUDY OF MUTUAL COUPLING IN 

ARRAYS OF MULTIMODE TMN1 ELEMENTS 

4.1.   Introduction 

In the analysis of the previous chapter, the mutual coupling effects were ignored, i.e., 

the radiation patterns of the array elements were considered to be unaffected by the presence 

of the other elements in their vicinity. In reality, the mutual coupling effects may not be 

negligible and are therefore studied in this chapter. 

Mutual coupling between the antenna elements of an array is the phenomenon where 

the energy intended to be transmitted or received by one element, ends up being transmitted or 

received by another element. The mutual coupling between the elements in general depend on 

their radiation characteristics, inter-element spacings and their relative orientations [21, Ch. 

8.7]. The mutual coupling effects may in general be different for the transmitting and receiving 

modes in an array [84], and the mutual impedances between the array ports may in general 

depend on the excitation of the ports. 

Mutual coupling has been studied extensively in the context of adaptive arrays before. 

For example, in [30] the authors of the study showed that the mutual coupling effects only 

degraded the performance of an adaptive array if the spatial-only filtering (SAP) is used, and 

that for a full spatial and temporal filtering (STAP), the mutual coupling did not affect the 

performance of an adaptive array at all. Similar results were reported in [31], in which the 
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authors showed that the only performance degradation in an adaptive array due to mutual 

coupling is the degradation of the output SINR due to the decrease in the array gain, or pattern 

distortions of the elements. The authors of [31] also showed that no errors in the processing 

would occur if the radiation pattern of the antenna array were completely known from in-situ 

measurements (or full-wave simulations). 

While a thorough study of the mutual coupling is not in the scope of this work, it is still 

desirable to touch on this subject, since the concept of arrays of multimode TMn1 elements is 

new and there have been no studies in the literature about their mutual coupling effects. To 

simplify the analysis, we study the mutual coupling qualitatively using a classic method based 

on the concept of beam coupling factor [85], [86]. This concept will be reviewed in the next 

section, based on which the mutual coupling between various configurations of TMn1 mode 

elements will be studied.  

4.2.   Beam Coupling Factor 

The concept of beam coupling factor and its relevance to the study of mutual coupling 

is reviewed in this section. For simplicity, interactions between only two elements are 

considered here, but the analysis can be easily generalized for an array of N elements. The 

dielectric and conductor losses in the antenna structure are also ignored. 

For two antennas, the scattering matrix 𝐒 ∈ ℂ2×2 is written as  

 𝐒 = [
𝑆11 𝑆12
𝑆21 𝑆21

] (55) 

which characterizes the input reflections and coupling between the elements as 
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 𝐛 = 𝐒𝐚 (56) 

in which 𝐚 = [𝑎1 𝑎2]
𝑇 is the excitation power wave vector and 𝐛 = [𝑏1 𝑏2]

𝑇 is the reflected 

power wave vector, all with a unit of √𝑊. In this simple model, the radiated energy of the 

antennas may be modeled as loss in the microwave network. A more useful approach however, 

is to consider a separate port for radiation as in [86], [87]. The S-parameter equation is then 

updated as 

 

[
 
 
 

𝑏1
𝑏2

𝑏𝜃(𝜃, 𝜙)
𝑏𝜙(𝜃, 𝜙)]

 
 
 
=

[
 
 
 
 

𝑆11 𝑆12 𝑆1𝜃(𝜃, 𝜙) 𝑆1𝜙(𝜃, 𝜙)

𝑆21 𝑆22 𝑆2𝜃(𝜃, 𝜙) 𝑆2𝜙(𝜃, 𝜙)

𝑆𝜃1(𝜃, 𝜙)
𝑆𝜙1(𝜃, 𝜙)

𝑆𝜃2(𝜃, 𝜙)
𝑆𝜙1(𝜃, 𝜙)

𝑆𝜃𝜃(𝜃, 𝜙) 𝑆𝜃𝜙(𝜃, 𝜙)

𝑆𝜙𝜃(𝜃, 𝜙) 𝑆𝜙𝜙(𝜃, 𝜙)]
 
 
 
 

[

𝑎1
𝑎2

𝑎𝜃(𝜃, 𝜙)
𝑎𝜙(𝜃, 𝜙)

] (57) 

where the two polarization components of the radiation fields are represented separately. 𝑆𝜃𝑖 

and 𝑆𝜙𝑖, for 𝑖 = 1,2, are the transmit mode parameters relating the powers at the input of the 

antenna ports to the radiation intensities 𝑏𝜃 and 𝑏𝜙. In such a notation, the power waves 𝑏1 and 

𝑏2 have a unit of √𝑊, whereas 𝑏𝜃 and 𝑏𝜙 here defined such that their magnitude squared is 

proportional to the radiation intensity, and have a unit of √𝑊/𝑆𝑟. 𝑆𝑖𝜃 and 𝑆𝑖𝜙, for 𝑖 = 1,2, are 

the receive-mode parameters relating the two polarization components of an incident plane 

wave, 𝑎𝜃 and 𝑎𝜙 to the received powers at the input of the antennas 𝑏1 and 𝑏2. In this context, 

𝑎𝜃 and 𝑎𝜙 can be assumed to be expressed in units of √𝑊/𝑚2. 𝑆𝜃𝜃, 𝑆𝜃𝜙, 𝑆𝜙𝜃 and 𝑆𝜙𝜙 are the 

parameters representing the structural scattering of the antenna array when incident by a plane 

wave. 
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 To simplify the analysis, only the transmit mode is considered, and it is assumed that 

the receive mode is not much different. Furthermore, the antenna losses are neglected. Setting 

𝑎𝜃 = 𝑎𝜙 = 0 in the transmit mode, and assuming that only antenna 1 is active, i.e. 𝑎1 ≠ 0 and 

𝑎2 = 0, the radiated power wave can be written as 

 𝑏𝜃(𝜃, 𝜙) = 𝑎1𝑆𝜃1 = 𝑎1𝑞1√
𝐷1(𝜃, 𝜙)

4𝜋
 [�̂�1(𝜃, 𝜙) ∙ 𝜃] (58) 

and 

 𝑏𝜙(𝜃, 𝜙) = 𝑎1𝑆𝜙1 = 𝑎1𝑞1√
𝐷1(𝜃, 𝜙)

4𝜋
 [�̂�1(𝜃, 𝜙) ∙ �̂�] (59) 

where 𝑞1 is a complex number and is the same for both polarization components, 𝐷1(𝜃, 𝜙) is 

the antenna directivity, and the 4𝜋 factor is included to normalize the pattern as  

 ∫ ∫ |√
𝐷1(𝜃, 𝜙)

4𝜋
|

2

sin 𝜃 𝑑𝜃𝑑𝜙

𝜋

0

= 1

2𝜋

0

 (60) 

and the radiated power by the antenna is 

 𝑃𝑟𝑎𝑑 = ∫ ∫ [|𝑏𝜃(𝜃, 𝜙)|
2 + |𝑏𝜙(𝜃, 𝜙)|

2
] sin 𝜃 𝑑𝜃𝑑𝜙

𝜋

0

2𝜋

0

= |𝑎1|
2|𝑞1|

2 (61) 

and so, |𝑞1|
2 can be thought of as the beam efficiency, and 1 − |𝑞1|

2 as the insertion loss 

between the excited antenna 1 input port and the free space. 

When both antennas are active, i.e. 𝑎1 ≠ 0 and 𝑎2 ≠ 0, the radiated power waves can 

be 
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written as 

 

𝑏𝜃(𝜃, 𝜙) = 𝑎1𝑆𝜃1 + 𝑎2𝑆𝜃2 

= [𝑎1𝑞1√
𝐷1(𝜃, 𝜙)

4𝜋
�̂�1(𝜃, 𝜙) + 𝑎2𝑞2√

𝐷2(𝜃, 𝜙)

4𝜋
�̂�2(𝜃, 𝜙)] ∙ 𝜃 

(62) 

and 

 

𝑏𝜙(𝜃, 𝜙) = 𝑎1𝑆𝜙1 + 𝑎2𝑆𝜙2 

= [𝑎1𝑞1√
𝐷1(𝜃, 𝜙)

4𝜋
�̂�1(𝜃, 𝜙) + 𝑎2𝑞2√

𝐷2(𝜃, 𝜙)

4𝜋
�̂�2(𝜃, 𝜙)] ∙ �̂� 

(63) 

and the total radiated power for this case is 

 𝑃𝑟𝑎𝑑 = |𝑎1|
2|𝑞1|

2 + |𝑎2|
2|𝑞2|

2 + 2𝑅𝑒{𝑎1𝑎2
∗𝑞1𝑞2

∗𝛽} (64) 

where 𝛽 is the beam coupling factor and is given by 

 𝛽 =
1

4𝜋
∫ ∫ [√𝐷1(𝜃, 𝜙)𝐷2(𝜃, 𝜙)�̂�1(𝜃, 𝜙) ∙ �̂�2

∗(𝜃, 𝜙)] sin 𝜃 𝑑𝜃𝑑𝜙

𝜋

0

2𝜋

0

 (65) 

and shows the interaction of the two beams radiated by the antenna elements. Now, since 

antennas are lossless, the conservation of energy yields 

 |𝑎1|
2 + |𝑎2|

2 − |𝑏1|
2 − |𝑏2|

2 = 𝑃𝑟𝑎𝑑 (66) 

which using 𝑏1 = 𝑆11𝑎1 + 𝑆12𝑎2 and 𝑏2 = 𝑆21𝑎1 + 𝑆22𝑎2, simplifies to 

 

|𝑎1|
2(1 − |𝑞1|

2 − |𝑆11|
2 − |𝑆21|

2) + |𝑎2|
2(1 − |𝑞2|

2 − |𝑆12|
2 − |𝑆22|

2)

− 2𝑅𝑒{𝑎1𝑎2
∗[𝑞1𝑞2

∗𝛽 + 𝑆11𝑆12
∗ + 𝑆21𝑆22

∗]} = 0 
(67) 

which must hold for any combinations of 𝑎1 and 𝑎2 and therefore results in three equations 
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 {

1 − |𝑞1|
2 − |𝑆11|

2 − |𝑆21|
2 = 0

1 − |𝑞2|
2 − |𝑆12|

2 − |𝑆22|
2 = 0

𝑞1𝑞2
∗𝛽 + 𝑆11𝑆12

∗ + 𝑆21𝑆22
∗ = 0

 (68) 

The first two equations of (68) are intuitive and clearly show the balance of energy between 

the two antennas and the free space. It is desired that the input reflection and mutual coupling 

between the elements are as small as possible so that the beam efficiencies |𝑞𝑖|
2 are as close 

to one as possible. If the last equation is written as 

 |𝑞1𝑞2
∗𝛽| = |𝑆11𝑆12

∗ + 𝑆21𝑆22
∗| (69) 

then the triangle inequality for complex numbers gives  

 |𝛽| ≤
|𝑆11||𝑆12| + |𝑆21||𝑆22|

|𝑞1||𝑞2|
 (70) 

which shows that small values for the S-parameters and close-to-one values for the |𝑞𝑖|s can 

only be achieved if |𝛽| is also as small as possible. It can therefore be concluded that for 

antennas which are matched well (i.e. |𝑆𝑖𝑖| → 0), a small value of the beam coupling factor 

magnitude |𝛽| is a necessary requirement for low mutual coupling value between the elements 

and high beam efficiency. Note however, low mutual coupling factor is not a sufficient 

requirement for low mutual coupling, i.e. a low value of |𝛽| does not guarantee low mutual 

coupling or good beam efficiency. 

 The beam coupling factor is a useful parameter to perform an initial investigation into 

the mutual coupling in an array. If the magnitude of the beam coupling factor found is large, 

then it means that a realization of the array with low mutual coupling and high beam efficiency 

is not possible with the considered element radiation patterns. However, if it is a small value, 
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it means that an array with low mutual coupling and high beam efficiency is possible in theory, 

but is not guaranteed in a physical design. 

4.3.   Beam Coupling Factor Between Multimode TMn1 Antennas 

In this section, the mutual coupling between multimode TMn1 elements (or between the 

ports within a multimode TMn1 element) is studied using the beam coupling factor concept. 

Since the beam coupling factor is defined as the correlation between the beams of two antennas, 

it is sufficient to consider two elements at a time, and not an entire array. So, the configuration 

in Figure 4-1 is considered, where two TMn1 elements are placed at a distance 𝑑 apart. The 

TMn1 elements are assumed to be disk patches printed on a dielectric with permittivity of 𝜖𝑟 =

10, so that the radiation patterns are the same as those given in Figure 2-2 for the RHCP 

elements and in Figure 2-5 for the LP elements. As mentioned before, the orientation of the 

elements are also important in the beam coupling factor, so it is assumed that the second 

element in Figure 4-1 is rotated by a 𝜙0 angle around the z-axis, relative to the first element. 

In the following sub-sections, different cases for each element are considered and the beam 

correlation factor as a function of the separation distance 𝑑 and the relative orientation 𝜙0 is 

presented: 

 

Figure 4-1   The configuration considered to study the beam coupling factor between two TMn1 antenna 

elements. The antennas are assumed to have the patterns given either in Figure 2-2 (for the RHCP cases) 

or in Figure 2-5 (for the LP cases). 

�̂� 

�̂� 

𝑑 
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4.3.1.   Two RHCP TM11 Elements 

This is the case of a conventional planar array of dominant-mode elements, e.g. the 

arrays of Figure 3-9 (a) and Figure 3-24 (a). The beam coupling factor is shown in Figure 4-2 

(a) as a function of the separation distance and the orientation angle. In this case, due to the 

azimuthal symmetry of the RHCP patterns, the beam coupling factor is independent of the 

orientation angle. A 1-D curve of the beam coupling factor is shown in Figure 4-2 (b), for a 

single orientation angle, which resembles the results of Figure 2 in [86]. In this case, the beam 

coupling factor decreases from the maximum value of 1 when the antennas are co-located, to 

very low values around the 𝑑 = 0.55 𝜆0 separation distance. 

The results indicate that in a conventional array of RHCP dominant-mode elements, 

the optimum inter-element spacing is around 𝑑 = 0.55 𝜆0. However, modern CPRA arrays are 

miniaturized with inter-element spacings well below the half-wavelength, which implies that 

in such designs, either the mutual coupling levels will be very high, or the element patterns is 

distorted, so that the array elements have more 'dissimilar' radiation patterns. 

 

  
(a) (b) 

Figure 4-2   The beam coupling factor for two RHCP TM11 antenna elements in the configuration of 

Figure 4-1. (a) As a function of both separation distance and orientation angle. (b) Only as a function 

of the separation distance. 



129 

 

4.3.2.   One RHCP TM11 Element and One RHCP TM21 Element 

This case is useful for the multimode arrays of Figure 3-9 (c) and Figure 3-9 (d). The 

beam coupling factor is shown in Figure 4-3 (a) as a function of the separation distance and 

the orientation angle, showing no dependence on the orientation angle. In this case, the beam 

coupling factor is zero when the two elements are co-located, which is easy to deduce from the 

expression for the TMn1 mode radiation pattern in (23) and the beam coupling factor expression 

in (65). As shown in the 1-D curve of the beam coupling factor as a function of the separation 

distance, shown in Figure 4-3 (b), as the elements are moved apart, the beam coupling factor 

increases and reaches a maximum at around 𝑑 = 0.35 𝜆0 and then becomes small again around 

𝑑 = 0.75 𝜆0. 

 

  
(a) (b) 

Figure 4-3   The beam coupling factor for an RHCP TM11 element, and an RHCP TM21 antenna element, 

in the configuration of Figure 4-1. (a) As a function of both separation distance and orientation angle. 

(b) Only as a function of the separation distance. 

 

4.3.3.   One RHCP TM11 Element and One RHCP TM31 Element 

This case is useful for the array in Figure 3-9 (d). The beam coupling factor is shown 

in Figure 4-4 (a) as a function of the separation distance and the orientation angle, which is 
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almost symmetric with respect to the orientation angle. Once again, the beam coupling factor 

is zero when the two elements are co-located, increases to a maximum value as the elements 

are moved apart, and reaches a minimum again. The maximum of the beam coupling factor in 

this case happens around 𝑑 = 0.55 𝜆0 in this case, as shown in the 1-D curve Figure 4-4 (b). 

The second minimum happens at around 𝑑 = 0.95 𝜆0. 

 

  
(a) (b) 

Figure 4-4   The beam coupling factor for an RHCP TM11 antenna element and an RHCP TM31 antenna 

element, in the configuration of Figure 4-1. (a) As a function of both separation distance and orientation 

angle. (b) Only as a function of the separation distance. 

 

4.3.4.   Two RHCP TM21 Elements 

This case is useful for the array in Figure 3-9 (c) and Figure 3-9 (d). The beam coupling 

factor is shown in Figure 4-5 (a) as a function of the separation distance and the orientation 

angle, showing complete independence from the orientation angle. The beam coupling factor 

is at a maximum value of one when the two elements are co-located, and decreases to a 

minimum value around 𝑑 = 0.45 𝜆0. 
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(a) (b) 

Figure 4-5   The beam coupling factor for two RHCP TM21 antenna elements, in the configuration of 

Figure 4-1. (a) As a function of both separation distance and orientation angle. (b) Only as a function 

of the separation distance. 

 

4.3.5.   One RHCP TM21 Element and One RHCP TM31 Element 

This case is useful for the array of Figure 3-9 (d). The beam coupling factor is shown 

in Figure 4-6 (a) as a function of the separation distance and the orientation angle, once again 

showing independence from the orientation angle. The beam coupling factor is zero when the 

two elements are co-located, increases to a maximum value as the elements are moved apart, 

and reaches a minimum again around 𝑑 = 0.7 𝜆0. 

  
(a) (b) 

Figure 4-6   The beam coupling factor for an RHCP TM21 antenna element and an RHCP TM31 antenna 

element, in the configuration of Figure 4-1. (a) As a function of both separation distance and orientation 

angle. (b) Only as a function of the separation distance. 
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4.3.6.   Two RHCP TM31 Elements 

This case is useful for the array of Figure 3-9 (d). The beam coupling factor is shown 

in Figure 4-7 (a) as a function of the separation distance and the orientation angle, which is 

showing no variation with respect to the orientation angle. Since the two elements are identical, 

the beam coupling factor is at the maximum value of one when the elements are co-located 

and decreases to zero around 𝑑 = 0.4 𝜆0 in this case. The 1-D curve is shown in Figure 4-7 

(b). 

 

  
(a) (b) 

Figure 4-7   The beam coupling factor for two RHCP TM31 antenna elements in the configuration of 

Figure 4-1. (a) As a function of both separation distance and orientation angle. (b) Only as a function 

of the separation distance. 

 

4.3.7.   One RHCP TM11 Elements and One LP TM11 Element 

This case is useful for example in the array of Figure 3-9 (e). The beam coupling factor 

is shown in Figure 4-8 (a) as a function of the separation distance and the orientation angle. 

The plot is not completely independent of the orientation angle. 1-D curves of the beam 

coupling factor are shown in Figure 4-8 (b), for two orientation angles of 𝜙0 = 0° and 𝜙0 =

90°. In this case, the beam coupling factor has a maximum value of 0.7, when the elements are 
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co-located, and has a minimum in the range 0.5 𝜆0 < 𝑑 < 0.7 𝜆0 depending on the orientation 

angle. 

 

  
(a) (b) 

Figure 4-8   The beam coupling factor for an RHCP TM11 antenna element and an LP TM11 element, in 

the configuration of Figure 4-1. (a) As a function of both separation distance and orientation angle. (b) 

Only as a function of the separation distance. 

 

4.3.8.   Two LP TM11 Elements 

This case is useful for dual-polarized arrays, for example the array in Figure 3-9 (e) 

and the array in Figure 3-24 (b). The beam coupling factor is shown in Figure 4-9 (a) as a 

function of the separation distance and the orientation angle. The beam coupling factor is zero 

when the two elements are orthogonal in orientation regardless of the separation distance, 

which is due to the orthogonality of the radiated LP fields. 1-D curves of the beam coupling 

factor as a function of the separation distance are shown in Figure 4-9 (b), for two orientation 

angles of 𝜙0 = 0° and 𝜙0 = 90°. Note that in this case, for the worst-case scenario, i.e. zero 

orientation angle, the beam coupling factor becomes zero at about 𝑑 = 0.45 𝜆0. 

This result points out an advantage of dual-polarized arrays, which is that very low 

mutual coupling levels should be achievable between the orthogonal polarization ports of a 
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dual-polarized antenna element. Furthermore, from Figure 4-9 (a) it can be deduced that in an 

array with multiple dual-polarized elements, the optimum configuration (in terms of mutual 

coupling) for the array is when the array elements are sequentially rotated, so that no two 

antenna port axes are parallel to each other. 

 

  
(a) (b) 

Figure 4-9   The beam coupling factor for two LP TM11 antenna elements in the configuration of Figure 

4-1. (a) As a function of both separation distance and orientation angle. (b) Only as a function of the 

separation distance. 

 

4.3.9.   One RHCP TM11 Element and One LP TM21 Element 

This is the case useful for the array of Figure 3-9 (f), which was shown to have the best 

CRPA performance among the planar arrays. The beam coupling factor is shown in Figure 

4-10 (a) as a function of the separation distance and the orientation angle. The beam coupling 

factor is zero when the two elements are co-located, then increases to a maximum value and 

finally decrease again to a second minimum. The separation distances at which the maximum 

and the second minimum happen depend on the values of the orientation angle. 1-D curves of 

the beam coupling factor as a function of the separation distance, are shown in Figure 4-10 (b), 

for two orientation angles of 𝜙0 = 0° and 𝜙0 = 45°. The second minimum occurs in the range 

0.6 𝜆0 < 𝑑 < 0.9 𝜆0 depending on the orientation angle. 
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(a) (b) 

Figure 4-10   The beam coupling factor for an RHCP TM11 antenna element and an LP TM21 antenna 

element, in the configuration of Figure 4-1. (a) As a function of both separation distance and orientation 

angle. (b) Only as a function of the separation distance. 

 

4.3.10.   Two LP TM21 Elements 

This case is useful for the array in Figure 3-9 (f). The beam coupling factor is shown 

in Figure 4-11 (a) as a function of the separation distance and the orientation angle. In this 

case, the beam coupling factor is zero for a 𝜙0 = 45° orientation angle regardless of the 

separation distance, which implies that a low mutual coupling should be easily achievable 

between the two ports of the TM21 mode antenna in a single multimode element of the array 

of Figure 3-9 (f). Furthermore, an orientation angle of 𝜙0 = 0° results in the maximum beam 

coupling factor, as shown in the 1-D curve of Figure 4-11 (b), The minimum beam coupling 

factor for 𝜙0 = 0° orientation angle (worst-case scenario) happens at for a separation distance 

of 𝑑 = 0.5 𝜆0. 

The mutual coupling is the highest when the elements are either aligned, or have 𝜙0 =

90° relative orientation. So, in arrays with multiple LP TM21 elements, such as Figure 3-9 (f), 

it is beneficial to rotate the elements sequentially such that no two elements are completely 

aligned.  
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(a) (b) 

Figure 4-11   The beam coupling factor for two LP TM21 antenna elements, in the configuration of 

Figure 4-1. (a) As a function of both separation distance and orientation angle. (b) Only as a function 

of the separation distance. 

 

4.3.11.   One LP TM11 Element and One LP TM21 Element 

This case is useful for the multimode antenna of Figure 3-24 (c), whose nulling 

resolution was shown to be independent of the antenna miniaturization. The beam coupling 

factor is shown in Figure 4-12 (a) as a function of the separation distance and the orientation 

angle. The beam coupling factor is zero for co-located elements, and for an orientation angle 

of 𝜙0 = 45°. As the elements are moved apart, the worst-case scenario in this case happens at 

the orientation angle of 𝜙0 = 0°. As shown in Figure 4-12 (b), for this orientation angle, the 

beam coupling factor increases to a maximum and then reaches a second minimum at around 

𝑑 = 0.6 𝜆0. 

 

 

 

 



137 

 

  
(a) (b) 

Figure 4-12   The beam coupling factor for an LP TM11 antenna element and an LP TM21 antenna 

element, in the configuration of Figure 4-1. (a) As a function of both separation distance and orientation 

angle. (b) Only as a function of the separation distance. 

 

4.4.   Discussion 

The most important results of the previous section are the ones applicable to the dual-

mode TM11-TM21 array of Figure 3-9 (f) and the dual-mode TM11-TM21 antenna of Figure 3-24 

(c). The conclusion for the latter is straightforward: Very low values of mutual coupling levels 

should be achievable between the various ports of a multimode antenna element, where all the 

modes radiate from the same phase center. This is because the beam coupling factor is zero 

between any two ports. This follows directly from (23) and (65). 

As for the array of Figure 3-9 (f), which consisted of three dual-mode elements, the 

mutual coupling between the ports within each dual-mode element should be low once again 

because of the orthogonality of the modes. The optimum distance between two adjacent dual-

mode elements depends on the beam coupling factor between different modes of two adjacent 

dual-mode elements. The optimum distance for low mutual coupling between an RHCP TM11 

mode of one element and an RHCP TM11 mode of an adjacent element (Figure 4-2) is around 

𝑑 = 0.55 𝜆0. The optimum distance for an RHCP TM11 mode of one element and an LP TM21 
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mode of an adjacent element (Figure 4-8) is in the range 0.5 𝜆0 < 𝑑 < 0.7 𝜆0 depending on 

the relative orientations of the elements (the lowest separation distance corresponds to a 

complete alignments between the port axes of the two elements). Finally, the optimum distance 

for an LP TM21 mode of one element and an LP TM21 mode of an adjacent element (Figure 

4-11) is around 𝑑 = 0.5 𝜆0. It is concluded then that overall, an inter-element spacing of 𝑑 =

0.5 𝜆0 would be the smallest inter-element spacing option for the array of Figure 3-9 (f). Note 

that the inter-element spacing in the array of Figure 3-9 (f) was 𝑑 = 0.6 𝜆0. 
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4.5.   Chapter Summary 

This chapter was dedicated to a qualitative study of the mutual coupling between 

multimode TMn1 antenna elements. To study the mutual coupling, first, the concept of the 

beam coupling factor was reviewed. It was demonstrated how a low beam coupling factor is a 

necessary condition for low mutual coupling between the antenna elements. Then a 

configuration with only two elements was considered and beam coupling factor was studied 

for different combinations of the TMn1 antenna elements. 

It was concluded that very low mutual coupling should be achievable in the case of the 

dual-mode antenna of Figure 3-24 (c) due to the orthogonality of the modes and polarizations. 

It was also demonstrated that a half-wavelength spacing would be ideal for the array of Figure 

3-9 (f). 

In the next chapter, an array prototype for the model in Figure 3-9 (f) is designed and 

studied. The issue of mutual coupling, finite ground plane effect and antenna losses on the 

array performance, compared to the theoretical lossless model on an infinite ground plane, is 

investigated. 
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CHAPTER 5. DESIGN OF A NINE-PORT ARRAY OF 

DUAL-MODE TM11-TM21 ELEMENTS 

5.1.   Introduction 

Among the nine-port array configurations studied in Chapter 3, the array of dual-mode 

TM11-TM21 elements, where the TM11 mode is RHCP and the TM21 mode is dual-polarized 

(array (f) of Figure 3-9), was shown to perform much better than the conventional planar array 

of RHCP elements, and as well as or better than a spherical array [81], [82]. Also, based on a 

qualitative study of the mutual coupling, it was predicted in Chapter 4 that a half-wavelength 

element spacing would be ideal for this array. 

In this chapter, a prototype array model for the array of Figure 3-9 (f) is designed. The 

S-parameters and radiation characteristics of the array are fully studied using full-wave 

simulation and measurements. The performance of the array for nulling interferers is also 

studied and compared to the theoretical array of Figure 3-9 (f), to investigate the effects of 

mutual coupling, finite ground plane and antenna losses in a practical design. The results of 

this chapter were published in [88]. 

5.2.   Element Geometry 

The antenna element required to build the CRPA array of Figure 3-9 (f) is a dual-mode 

TM11-TM21 element. In the study of Chapter 2, all the antenna elements were assumed to be 
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disk patches on an infinite ground plane for simplicity of the analysis. With such an 

assumption, in a multimode antenna element, the disks have to be stacked, with the TM11 patch 

on top and the larger TM21 patch at the bottom. But such an arrangement makes the feeding of 

the top patch with coaxial connectors difficult without invading the space of the bottom patch. 

Furthermore, the current distribution of a disk patch for the higher TMn1 modes is small at the 

disk center area, as it was shown in Figure 2-4. So, in the design in this chapter, a ring patch is 

considered for the TM21 mode. 

As mentioned before, the ring patch has a smaller size compared to a shorted ring patch, 

for the same resonant frequency. This size difference however comes at a cost for the ring 

patch in terms of the bandwidth and efficiency, which are both lower compared to those of a 

shorted ring patch. Also, in a coplanar configuration where the TM11 and TM21 are both printed 

on the same plane, a shorted ring TM21 patch has better isolation from the inner TM11 patch 

due to the short circuit wall at its inner periphery.  

The shorted ring patch geometry is chosen for the TM21 mode in this design. The dual-

mode antenna element geometry is shown in Figure 5-1, and the dimensions are detailed in 

Table 5-1. The geometry in Figure 5-1 is the antenna modeled in the commercial EM solver 

ANSYS HFSS v.18. In this software, the antenna structure is fed by lumped ports, and placed 

in an air box with absorbing boundary condition, to simulate the antenna in free space. It then 

meshes the entire structure, and solves the Maxwell equation using the finite element method 

(FEM). An adaptive meshing technique is used in the software, where the mesh size is refined 

until convergence is achieved in the solution. The convergence criteria is the difference 

between the maximum change in the amplitude of the port S-parameters, Δ𝑆. For all the 

simulations in this thesis, Δ𝑆 is set to 0.02. 
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The TM11 patch is a simple disk, with an elliptic slot in the middle. The elliptic slot is 

cut in the patch to produce RHCP radiation with only one coaxial feed [89]. In this method, 

two orthogonal degenerate modes are excited by a feeding probe at 45° with respect to the 

ellipse axis. By adjusting the dimension of the elliptic slot, equal amplitude and quadrature 

phase difference between the two modes are achieved, thereby producing CP. Alternatively, 

one could feed the antenna by two coaxial feeds and use a hybrid coupler to achieve the CP 

radiation. 

 

Figure 5-1   A dual-mode TM11-TM21 patch antenna model, designed to build the nine-port array of 

Figure 3-9 (f). The center TM11 patch is excited by a single coaxial feed to radiate RHCP mode. The 

outer TM21 ring is via-shorted and excited by two coaxial feeds at an 135° angle for dual-polarization. 

 

To simplify the fabrication of the TM21 patch, it is shorted by 16 vias, rather than a 

solid conducting wall. The vias are modeled as copper wires. To achieve dual-polarization in 

the TM21 patch, it is fed by two probes at an angle 𝜙02 = 135° (Note that this angle could also 

be 45°). The two feed probes are also rotated by 67.5° to achieve symmetry with respect to the 
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x-axis. The reason for this adjustment becomes clear when the array geometry is shown in the 

next section. The outer diameter of the TM21 patch is 0.38 𝜆0 at the GPS L1 frequency band 

1.575 GHz, which is larger than that of a disk patch's 0.3 𝜆0 diameter. 

The substrate chosen for this design was a Roger's TMM10 board with a permittivity 

of 𝜖𝑟 = 9.8 and a loss tangent of 𝛿 = 0.002. The board is a made of a ceramic, hydrocarbon, 

thermoset polymer composite material, which is widely used for microwave applications due 

to its low thermal coefficient and reliability for designs with plated through holes [90]. The 

board used in this design had a thickness of 6.35 𝑚𝑚. 

Table 5-1   The dimensions and substrate properties for the dual-mode antenna model of Figure 5-1. 

 

Variable Description Value 

𝒉 Substrate thickness 6.35 mm 

𝝐𝒓 Substrate dielectric permittivity 9.8 

𝒓𝟏 TM11 patch radius 16.2 mm 

𝒓𝒇𝟏 TM11 patch feed radius 4 mm 

𝒂 TM11 elliptic slot major radius 7.5 mm 

𝒃 TM11 elliptic slot minor radius 1.5 mm 

𝝓𝟏 TM11 feed angle 45° 

𝒓𝟐 TM21 patch inner radius 22.6 mm 

𝒓𝟑 TM21 patch outer radius 36.4 mm 

𝒓𝒇𝟐 TM21 patch feed radius 25 mm 

𝝓𝟎𝟐 Angle between the two ports of the TM21 

patch 

135° 

𝒓𝒗 Via radius 0.5 mm 
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5.3.   Array Geometry 

The geometry of the designed array, consisting of three dual-mode elements of Figure 

5-1, is shown in Figure 5-2 (a). The array ports are numbered for future reference. The array 

elements are fit into an aperture of 0.49 𝜆0, consistent with the CRPA configurations in Figure 

3-9. Note that compared to the theoretical array model of Figure 3-9 (f), the model of Figure 

5-2 has a slightly smaller array radius (𝑟𝑎 = 0.3 𝜆0) due to the larger size of the TM21 shorted 

patch compared to a TM21 disk patch. This is expected to result in some degradation in the 

array null-steering performance, but is not a significant issue as this design is only done as a 

proof of concept and is not optimized in size. 

The inter-element spacing in the designed array is exactly 0.5 𝜆0, which was found to 

be a suitable value from the mutual coupling study in Chapter 4. The mutual coupling was 

however found to be slightly higher than expected for the adjacent TM21 shorted ring patches, 

in an initial design. To reduce the mutual coupling then, three airgaps with a width of 𝑔 =

5 𝑚𝑚 were placed between the elements [88], as shown in Figure 5-2 (a). The presence of the 

air gaps slightly changes the input impedance of the TM21 mode ports but does not affect the 

TM11 patches. Due to this effect, the ports of the TM21 patch had to be rotated so that the 

geometry is symmetric and both ports of the TM21 patch see the same input impedance. The 

effect of the airgaps will be studied more extensively later in this chapter. 
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(a) (b) 

 

(c) 

Figure 5-2   The nine-port array designed as a realization of the theoretical configuration of Figure 3-9 

(f). (a) Array model in HFSS. (b) The fabricated prototype. (c) A depiction of the meshing in HFSS. 

 

The performance of the array of Figure 5-2 (a) was fully characterized by simulation 

in HFSS and then the array was fabricated using the PCB prototyping LPKF (laser and milling) 

machines. Due to the large thickness of the ceramic material and its hardness, the via holes had 

to be drilled manually resulting in some fabrication errors. The fabricated array is shown in 
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Figure 5-2 (b). As shown, the array is supported by a wooden plate. Figure 5-2 (c) shows a 

depiction of the meshing used in HFSS to analyze the array.  

5.4.   S-Parameters 

The S-parameters of the prototype array were measured using a vector network 

analyzer (VNA). The results are as follows. Figure 5-3 shows the input reflections of the first 

port, corresponding to the TM11 mode, and second port, corresponding to the TM21 mode, of a 

dual-mode element. The curves are given only for port #1 and port #2, as the third port of each 

element is the orthogonal polarization of the TM21 mode and due to symmetry, has the same 

input reflection as port #2. The simulation and measurement results are within reasonable 

agreement. Consistent with the design goals, the measured and simulated curves of the input 

reflection of the TM11 mode, show two slightly separated resonances for the two degenerate 

modes, whereas the TM21 mode response shows a single resonance. 

Note that in Figure 5-3, the responses are not exactly centered at the GPS L1 band at 

1.575 GHz, and are lower at 1.565 GHz. In the initial simulation, the resonances were exactly 

at the target 1.575 GHz, but after fabricating the prototype and inspecting the first 

measurements, it was noticed that the resonances were slightly off from the simulation. After 

some sensitivity analysis, the shift in resonance frequency was found to be due to the 

inaccuracy of the value of the dielectric constant provided by the company. The actual 

dielectric constant of the board was found to be 10 instead of 9.8, which was then later verified 

by the providing company. This value was then used in our simulation to match the results of 

the measurement. 
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Figure 5-3   The simulated and measured input reflections of a dual-mode element from the fabricated 

array prototype shown in Figure 5-2. 

 

The mutual coupling levels between the various ports of the array are given in Figure 

5-4 and Figure 5-5. Due to the symmetry of the array, only the mutual couplings between two 

dual-mode elements are shown. Figure 5-4 shows the mutual coupling levels between the first 

port of the array (TM11) and the other ports, and Figure 5-5 shows the mutual couplings 

between the ports of the array exciting the TM21 modes in different elements. The simulation 

and measurement results are within good agreement. The largest error in these results can be 

seen in the curve of S26 in Figure 5-5, which can be a result of fabrication errors and the 

presence of the wooden supporting plate in the measurements, which was not present in the 

simulated model. All the measured mutual coupling values remain below -13.5 dB. 
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(a) 

 

(b) 

Figure 5-4   The simulated and measured mutual coupling levels of the fabricated array prototype shown 

in Figure 5-2, between the first port and other ports. (a) Simulated results. (b) Measurement results. 
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(a) 

 

(b) 

Figure 5-5   The simulated and measured mutual coupling levels of the fabricated array prototype shown 

in Figure 5-2, between the remaining ports. (a) Simulated results. (b) Measurement results. 
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5.5.   Current Distribution 

The current distributions of the designed antenna are studied in this section. Because 

of the symmetry of the array geometry, one only needs to look at the current distributions of a 

single dual-mode element. Figure 5-6 shows the electrical current distribution on the dual-

mode patch antenna when port #1 is active (TM11 mode) and the other ports are terminated in 

matched loads. The radiation is RHCP in this case and therefore the vector currents are rotating 

in time. To demonstrate this, the current vectors are depicted for different input voltage phases. 

As it can be seen, the currents at the outer edge of the inner TM11 patch are the strongest, and 

they rotate counter-clockwise from the top view. To determine the sense of the rotation of the 

radiated fields, the observer has to look at the radiated field in the direction of the propagation, 

i.e. from bottom of the patch towards the top (along the positive z-axis), which in this case is 

clockwise, confirming the RHCP operation of the patch. 

Figure 5-7 shows the current distribution for the TM21 mode. Figure 5-7 (a) is the 

distribution when port #2 is active and the other ports are terminated in matched loads, and 

Figure 5-7 (b) is the current distribution when port #3 is active and the other ports are 

terminated in matched loads. For these two cases, the current distributions are only shown for 

a single instance in time (or a single value of the input voltage phase), since the fields are 

linearly-polarized in this case, and the vectors do not rotate.  

Note that the current distributions for the TM21 mode in Figure 5-7 are generally similar 

to the current distribution in Figure 2-4 for the disk patch, which proves the TM21 operation of 

the shorted ring. The currents are however much stronger at the outer edge of the shorted ring 

in Figure 5-7, compared to the disk patch in Figure 2-4. 
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Figure 5-6   The simulated current distribution of the dual-mode element shown in Figure 5-1, when 

port #1 is active and the other ports are terminated in matched loads. The RHCP operation of the TM11 

patch is demonstrated by showing the current at four different incident input voltage phases. 
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(a) (b) 

Figure 5-7   The simulated current distribution of the dual-mode element shown in Figure 5-1, when 

(a) port #2 is active and the other ports are terminated in matched loads, and (b) port #3 is active and 

the other ports are terminated in matched loads. The radiation in these two cases are linearly-polarized 

and orthogonal to each other. 

 

5.6.   Effect of the Air Gaps on Reducing the Mutual Coupling 

As claimed before, the air gaps were introduced between the array elements to reduce 

the array mutual coupling. In this section, evidence is provided to support this claim. Figure 

5-8 shows the simulated mutual couplings of the array of Figure 5-2 without any airgaps 

between the elements. As it can be seen from Figure 5-8 (b), S26 has a maximum of -7 dB, 

which is decreased to less than -20 dB in the simulation result of Figure 5-5 (a). This mutual 

coupling reduction however, comes as at a cost of an increase in the value of S23 from less than 

-20 dB in Figure 5-8 (b) to around -14 dB in Figure 5-5 (a).  
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(a) 

 

(b) 

Figure 5-8   The simulated mutual coupling levels of the array prototype shown in Figure 5-1, simulated 

with no air gaps between the elements. (a) Simulation. (b) Measurement. 

 

For clarity and as a piece of supporting evidence for the effect of the airgaps in lowering 

the mutual couplings, the current density on the ground plane of the array is shown in Figure 

5-9 for the array with and without airgaps, when only second port is active. As it can be seen, 
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for the array without airgaps (Figure 5-9 (a)), when the port #2 is active, some current is 

induced in the top right TM21 patch, mostly coupling the energy to port #6. For the array with 

airgaps however, this induced current is much lower in intensity, as depicted in Figure 5-9 (b). 

An additional supporting evidence for the effect of the airgaps is given in Figure 5-10, 

showing the magnitude of the electric near-fields at a plane 2 cm above the array parallel to 

the x-y plane, when port #2 is active. As it can be observed, there is a significant leakage of 

the energy to the neighboring element for the case of the array without airgaps, whereas, the 

fields are much more localized in the case of the array with the airgaps. 

 

 

  
 

(a)  (b) 

Figure 5-9   The simulated current intensity on the ground plane of the array of Figure 5-2 when port 

#2 is active. Two cases are shown: (a) Array without airgaps between the elements. (b) Array with 

airgaps between the elements. 
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(a)  (b) 

Figure 5-10   The simulated electric near-field magnitude on a plane 2 cm above of the array of Figure 

5-2, when port #2 is active. Two cases are shown: (a) Array without airgaps between the elements. (b) 

Array with airgaps between the elements. 

 

5.7.   Radiation Patterns 

The radiation pattern of the fabricated array of Figure 5-2 (b) was measured in a 

SATIMO spherical near-field range (SNFR). The setup is shown in Figure 5-11. The SNFR 

consists of an arc which is covered by 15 crossed dipole probes. The antenna under test (AUT) 

is placed at the center of the arc supported by a mast, and is fed by a coaxial cable which is fed 

through the mast from the lower side of the arc.  

To measure the AUT radiation pattern, the system sends some energy to the AUT and 

the radiated fields by the AUT are collected by the probes, giving the field values in a given 

azimuthal cut. The pattern measurement is then repeated in other azimuthal cuts by rotating 

the antenna around the z-axis. By 180° azimuthal rotation, a full characterization of the AUT 

radiation in the entire angular space is recorded by the system. The collected fields are near-
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field values and are then converted to the far-field values in the software associated with the 

system.  

To measure the in-situ radiation pattern of array prototype, a rectangular conducting 

plate with a side-length of 30 cm was used for support, as depicted in the Figure 5-11. The 

array was raised to the center of the arc with several foam blocks. To measure the in-situ 

radiation pattern of the array, one port of the array was activated at a time, while the other ports 

of the array were terminated in matched loads. The in-situ measured pattern results include the 

effects of mutual coupling, finite ground plane size and all the antenna losses. 

 

Figure 5-11   The radiation pattern measurement setup of the array in Figure 5-2, in a SATIMO spherical 

near-field range (SNFR). 

 

The pattern was only measured for the port #1 and port #2, since the radiation pattern 

of the other ports can be found easily due to the symmetry of the array. The simulated and 

measured gain patterns of the array, at the center frequency of 1.565 GHz, are shown in Figure 

5-12 when port #1 is active, corresponding to the TM11 mode. The simulated and measured 3-
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D gain patterns are shown in Figure 5-12 (a) and Figure 5-12 (b) respectively, which agree 

well with each other, and with the theoretical patterns in Figure 2-5 (a), which is of the TM11 

mode patch on an infinite ground plane. The 2-D gain patterns are shown in Figure 5-12 (c), 

showing good agreement between simulation and measurement. Comparing the simulated and 

measured 2-D gain patterns, with the patterns in Figure 2-6 (a), which is that of a TM11 mode 

patch on an infinite ground plane, it can be seen that when the ground plane is finite, some 

radiation occurs in the lower hemisphere.  

The simulated and measured gain patterns when port #2 is active, corresponding to the 

TM21 mode, is shown in Figure 5-13. The simulated and measured 3-D gain patterns are shown 

in Figure 5-13 (a) and Figure 5-13 (b) respectively. Excellent agreement can be observed 

between the simulated and measured results. The 3-D patterns are also similar to those of an 

ideal TM21 patch on an infinite ground plane, shown in Figure 2-2 (b), except that because of 

the finite ground plane in the simulation and measured results, the 𝐺𝜙 component does not 

vanish at the horizon. The simulated and measured 2-D pattern cuts are shown in Figure 5-13 

(c), exhibiting good agreement. Compared to the 2-D patterns of an ideal TM21 patch on an 

infinite ground plane, shown in Figure 2-3 (b), the simulated and measured gain patterns show 

significant back radiation, which is because of the finite ground plane. The simulated and 

measured patterns are also distorted, which is due to the mutual coupling effects, and the 

airgaps between the elements in the prototype array, which cause radiation of spurious modes.  

  



158 

 

  

(a) 

  

(b) 

 

 

 

 

(c) 

Figure 5-12  The simulated and measured gain patterns of the array of Figure 5-2 when port #1 is active, 

corresponding to the TM11 mode. (a) Simulated 3-D patterns. (b) Measured 3-D patterns. (c) Simulated 

and measured 2-D patterns. 

 

𝜙 = 0° 𝜙 = 90° 
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(a) 

  
(b) 

  

  
(c) 

Figure 5-13  The simulated and measured gain patterns of the array of Figure 5-2 when port #2 is active, 

corresponding to the TM21 mode. (a) Simulated 3-D patterns. (b) Measured 3-D patterns. (c) Simulated 

and measured 2-D patterns.  

 

𝜙 = 22.5° 𝜙 = 67.5° 

𝜙 = 112.5° 𝜙 = 157.5° 
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The maximum simulated and measured gains, as a function of frequency, are shown in 

Figure 5-14. The simulation and measurement results have good agreement. In the measured 

bandwidth, the largest difference in the simulated and measured gain values is around 1.1 dB. 

The sources of this error may be the existence of the supporting wooden plate, as well as the 

presence of the mast in the measurement setup of Figure 5-11, which both were not modeled 

in the simulations. Furthermore, the uncertainty of the measurement system itself is 0.8 dBi as 

reported in the measurement system manual. The error within a 20 MHz bandwidth centered 

at the center frequency, is only 0.6 dBi, which is within the uncertainty range. 

At the center frequency, the simulated and measured maximum gains of the TM11 and 

TM21 patches are given in the Table 2-2. For the TM11 mode, the simulated and measured gains 

are close to those of an ideal lossless TM11 patch on an infinite ground plane, which is 5.4 dBi. 

So, for the TM11 patch, the antenna losses and the finite ground plane effect is not significant. 

This is verified by the computed efficiency and back radiation of the TM11 patch, as given in 

the fist row of Table 2-2. Note that for simulation and measurement, the radiation efficiency is 

calculated from the 3-D patterns, from the relation in (11), and the backlobe energy is 

computed by integration of the radiated power in the lower hemisphere, divided by the total 

radiated power of the antenna. 

The maximum simulated and measured gains of the TM21 patch on the other hand, are 

much different than that of the ideal lossless TM21 patch on an infinite ground plane, which is 

6.6 dBi. So, the performance of the TM21 patch is more degraded by the antenna losses and the 

finite ground plane effect. The radiation efficiency and the backlobe energy from the 

simulation and measurement of the TM21 patch are given in the second row of Table 2-2. The 
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loss in the maximum gain due to the antenna losses is approximately 1.9 dB, and the loss in 

gain due to the back radiation is approximately 2.1 dB, making a total loss of about 4 dB. 

The maximum adaptive array gain, is shown in Figure 5-15 for the theoretical array of 

Figure 3-9 (f) with lossless elements on an infinite ground plane, and the simulated array of 

Figure 5-2 (a) with lossy elements on a finite ground plane. The difference in the maximum 

gain is clear in this plot, which is mostly due to the lower gain of the TM21 patch with the finite 

ground plane and losses, compared to the same patch with an infinite ground plane and no 

losses. 

 

Figure 5-14  The simulated and measured maximum gains of the TM11 and TM21 modes in the array of 

Figure 5-2. 

Table 5-2   The simulated and measured radiation properties of the dual-mode antenna element of 

Figure 5-1. 

Mode Gain (dBi) Efficiency (%) Back-Lobe Energy (%) 

Sim. Meas. Sim. Meas. Sim. Meas. 

TM
11

 5.7 5.9 85 82 14 13 

TM
21

 2.9 3.0 74 64 40 38 
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Figure 5-15   The maximum adaptive array gain, for the theoretical CRPA array of Figure 3-9 (f), which 

had no antenna losses and infinite ground plane, and the simulated prototype of Figure 5-2 (a), which 

includes both antenna losses and finite ground plane effects. 

 

  

Theoretical Array of Figure 3-9 (f) with lossless antennas and infinite ground  

Simulated Array of Figure 5-2 (a) with antenna losses and finite ground 



163 

 

5.8.   Null-Steering Performance 

The performance of the prototype array in terms of the angular availability was 

evaluated using the same Monte Carlo approach of Chapter 3. The results were compared with 

those of the theoretical array of Figure 3-9 (f) and are presented in this section. The results in 

this section are the average over 100 simulations with random RFI incident angles. In all 

simulations, it is assumed that SNRin = −20 𝑑𝐵 and INRin = 20 𝑑𝐵. 

Figure 5-16 shows the results of the analysis for RHCP interferers incident from the 

upper hemisphere (0° < 𝜃𝑖𝑗 < 90°). For this case, a noticeable degradation of the performance 

in the simulated array model compared to the theoretical array can be observed, specially for 

more than five interferers, which is due to the antenna losses and finite ground plane effects 

on the radiation characteristics, as studied in the previous section.  

Figure 5-17 shows the results of the analysis for RHCP interferers incident from the 

low-elevation angle region (60° < 𝜃𝑖𝑗 < 90°). Once again, the simulated array's performance 

is not as good as the theoretical array for more than five interferers, however, the differences 

are smaller compared to the results in Figure 5-16. 

Figure 5-18 shows the results of the analysis for the case of randomly-polarized 

interferers incident from the upper hemisphere (0° < 𝜃𝑖𝑗 < 90°). The performance of the 

simulated array for this case is much closer to that of the theoretical array, especially for the 

DCPMIN method. Similarly, in Figure 5-19, which shows the results of the case of randomly-

polarized interferers incident from the low-elevation angle region (60° < 𝜃𝑖𝑗 < 90°), the 

performance of the simulated array is very close to that of the theoretical array.  
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RHCP Interference (𝟎° < 𝜽𝒊𝒋 < 𝟗𝟎°) 

  

(a) (b) 

 

Figure 5-16   The angular availability, as a function of the number of interferers, for the theoretical 

CRPA array of Figure 3-9 (f), and the simulated prototype of Figure 5-2 (a), for two fixed SINRth 

values. The interferers are RHCP and incident from the upper hemisphere (0° < 𝜃𝑖𝑗 < 90°). The 

complex weights were computed using (a) SPMIN, and (b) DCPMIN. 

  

Theoretical Array of Figure 3-9 (f) with lossless antennas and infinite ground  

Simulated Array of Figure 5-2 (a) with antenna losses and finite ground 
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RHCP Interference (𝟔𝟎° < 𝜽𝒊𝒋 < 𝟗𝟎°) 

 

  

(a) (b) 

 

Figure 5-17   The angular availability, as a function of the number of interferers, for the theoretical 

CRPA array of Figure 3-9 (f), and the simulated prototype of Figure 5-2, for two fixed SINRth values. 

The interferers are RHCP and incident from the low-elevation region (60° < 𝜃𝑖𝑗 < 90°). The complex 

weights were computed using (a) SPMIN, and (b) DCPMIN. 

  

Theoretical Array of Figure 3-9 (f) with lossless antennas and infinite ground  

Simulated Array of Figure 5-2 (a) with antenna losses and finite ground 
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Randomly-Polarized Interference (𝟎° < 𝜽𝒊𝒋 < 𝟗𝟎°) 

  

(a) (b) 

 

Figure 5-18   The angular availability, as a function of the number of interferers, for the theoretical 

CRPA array of Figure 3-9 (f), and the simulated prototype of Figure 5-2, for two fixed SINRth values. 

The interferers are randomly-polarized and incident from the upper hemisphere (0° < 𝜃𝑖𝑗 < 90°). The 

complex weights were computed using (a) SPMIN, and (b) DCPMIN. 

  

Theoretical Array of Figure 3-9 (f) with lossless antennas and infinite ground  

Simulated Array of Figure 5-2 (a) with antenna losses and finite ground 
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Randomly-Polarized Interference (𝟔𝟎° < 𝜽𝒊𝒋 < 𝟗𝟎°) 

  

(a) (b) 

 

Figure 5-19   The angular availability, as a function of the number of interferers, for the theoretical 

CRPA array of Figure 3-9 (f), and the simulated prototype of Figure 5-2, for two fixed SINRth values. 

The interferers are randomly-polarized and incident from the low-elevation region (60° < 𝜃𝑖𝑗 < 90°). 

The complex weights were computed using (a) SPMIN, and (b) DCPMIN. 

  

Theoretical Array of Figure 3-9 (f) with lossless antennas and infinite ground  

Simulated Array of Figure 5-2 (a) with antenna losses and finite ground 
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5.9.   Chapter Summary 

This chapter was dedicated to design of a prototype model of the nine-port array of 

dual-mode TM11-TM21 elements (Figure 3-9 (f)) studied in Chapter 3. Each dual-mode element 

consisted of a disk patch at the center, for the TM11 mode, and a shorted ring patch at the 

periphery for the TM21 mode operation. Circular polarization was achieved in the TM11 mode 

patch by means of cutting an elliptic slot in the middle of the patch and feeding the patch via a 

coaxial probe at a 45° angle relative to the axis of the ellipse. The TM21 patch was simply fed 

by two coaxial probes at a 135° angle for dual-polarization operation. 

A novel and simple method was introduced to reduce the mutual coupling between the 

elements of the array. It was demonstrated that by placing airgaps in the ground plane and 

substrate between the elements, the coupling between the two TM21 modes of the adjacent dual-

mode elements could be reduced [88]. The maximum mutual coupling of the array was reduced 

from -7 dB to -13.5 dB using this technique. 

The radiation characteristics of the array were studied extensively. It was shown that 

the antenna losses and the finite ground plane did not affect the TM11 patch much, but did 

cause the maximum gain of the TM21 patch to be about 4 dB lower than an ideal lossless TM21 

patch on an infinite ground plane. 

The performance of the designed array as a CRPA was studied using the Monte Carlo 

simulations with random interferer scenarios and compared to the performance of the 

theoretical array of Chapter 3. The performance of the array in terms of the angular availability 

was shown to be very close to that of the theoretical array, for the case of randomly-polarized 

interferers, but not as good, for the case of RHCP interferers.  
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CHAPTER 6. DESIGN OF A COMPACT FOUR-PORT 

DUAL-POLARIZED DUAL-MODE TM11-TM21 

ANTENNA 

6.1.   Introduction 

This chapter is dedicated to the design of a compact dual-polarized dual-mode TM11-

TM21 patch antenna, to realize the theoretical model of Figure 3-24 (c). In this design, both 

orthogonal polarizations of the TM11 and TM21 modes are utilized to achieve three DOF. A 

compact design will be achieved by using ring patches for both modes, since as it was 

demonstrated in the first chapter, they are smaller than disk patches or shorted ring patches for 

the same resonant frequency. The target configuration therefore, is comprised of two 

concentric ring patches, where the inner patch is excited at the TM11 mode and the outer ring 

is excited at the TM21 mode [91]. 

The input impedance of the ring patch is high when fed with direct contact by coaxial 

probes, so a novel and simple capacitive feeding technique is introduced, where the coaxial 

probes are partially inserted into the substrate. The input matching is then fully controlled by 

the insertion depth of the probes [92]. This approach is demonstrated by a parametric study. 

The dielectric substrate chosen for this design is a Roger's AD1000 board with a 

relative permittivity of 𝜖𝑟 = 10.2 and a loss tangent of 𝛿 = 0.002. The board is made of a 

mixture of ceramics and PTFE, and is reinforced by woven fiberglass, and is more flexible 
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than a pure ceramic board such as the TMM10 used in the previous chapter. This allows for 

easier fabrication and longer lifetime of the milling tools. The boards were acquired with a 

thickness of 3.15 mm. 

The results of this chapter were first presented in the 2017 IEEE Antennas and 

Propagation Society (APS) conference [91] winning the second place in the student paper 

competition, and were later published in an APS journal letter [92]. 

6.2.   Element Geometry 

The geometry of the antenna model in HFSS is shown in Figure 6-1 (a), and its 

dimensions are given in Table 6-1. It consists of two concentric rings. Each ring is fed by two 

coaxial probes, which for the TM11 mode have a 𝜙01 = 90° angle and for the TM21 mode have 

a 𝜙02 = 135° angle, to produce orthogonal polarizations for each mode. These probes are 

partially inserted into the substrate, as shown in the side view. The diameter of each probe is 

1.5 𝑚𝑚 (standard SMA connectors). 

The target thickness of the antenna was around 6 mm, so two layers of the board were 

used to fabricate the antenna. Normally, two dielectric layers would have to be glued together 

to avoid any airgaps between the layers, but since there were no high-dielectric gules available, 

the two layers were screwed tightly together by the means of four nylon screws. These screws 

were modeled in the simulation model of the Figure 6-1 (a), by four cylinders with Teflon 

material assignment. 
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(a) 

  

(b) (c) 

Figure 6-1   A compact dual-polarized dual-mode TM11-TM21 patch antenna model, designed as a 

realization of the antenna of Figure 3-24 (c). The two modes are excited in concentric rings by four 

coaxial feed probes, which are partially inserted into the substrate. (a) Simulation model. (b) Mesh in 

HFSS. (c) Fabricated prototype. 
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As shown in the Figure 6-1, a very small ground plane is chosen for the antenna, to 

keep the final structure compact. The ground plane diameter is 0.34 𝜆0 at the GPS L1 

frequency band 1.575 GHz. The mesh generated in HFSS to analyze the antenna structure in 

Figure 6-1 (a), is shown in Figure 6-1 (b). The fabricated prototype antenna is shown in Figure 

6-1 (c). 

Table 6-1   The dimensions and substrate properties for the dual-mode antenna model of Figure 6-1. 

Variable Description Value 

𝒉 Antenna thickness 6.1 mm 

𝝐𝒓 Substrate dielectric permittivity 10.2 

𝒓𝟏 TM11 patch inner radius 10.3 mm 

𝒓𝟐 TM11 patch outer radius 13.3 mm 

𝒓𝒇𝟏 TM11 patch feed distance from the center 8.8 mm 

𝒉𝒇𝟏 TM11 feed probe insertion height 4.0 mm 

𝝓𝟎𝟏 Angle between the TM11 ports 90° 

𝒓𝟑 TM21 patch inner radius 17.9 mm 

𝒓𝟒 TM21 patch outer radius 25.9 mm 

𝒓𝒇𝟐 TM21 patch feed distance from the center 23.7 mm 

𝒉𝒇𝟐 TM21 feed probe insertion height 3.0 mm 

𝝓𝟎𝟐 Angle between the two ports of TM21 patch 135° 

𝒓𝒈 Ground plane radius 32.0 mm 

𝒓𝒏 Nylon screws' distance from the center 28.5 mm 
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6.3.   S-Parameters 

The S-parameters of the prototype antenna were measured using a VNA. Two-port 

measurements were carried out to find the mutual coupling between the ports. For each 

measurement, the ports which were not connected to the VNA were terminated by matched 

loads (50 Ω). The S-parameters from the simulations and the measurements are shown in 

Figure 6-2. The bandwidth of the antenna is small but enough for the reception of the C/A code 

at the L1 band (Table 1-1). Also, the simulated and measured mutual coupling between the 

various ports are small as predicted in Chapter 4. 

 

(a) 

 

(b) 

Figure 6-2   The simulated and measured S-parameters of the dual-mode antenna of Figure 6-1 from 

(a) simulation and (b) measurement. 



174 

 

Good agreement between the simulation and measurement results can be observed in 

Figure 6-2. It is noted that such an agreement was not achieved after the initial fabrication since 

the antenna's bandwidth is small and the resonant frequencies of the rings are quite sensitive 

to the presence of any airgaps between the two layers of the substrate. To correct the resonant 

frequency of the antenna then, the dimensions of rings were changed post-fabrication by 

manually trimming the ring from the inner and outer radii, with a knife. In practice, the airgap 

between the layers should be avoided by using a dielectric paste or using a thick substrate board 

and for more accurate corrections, trimming with laser should be utilized.  

6.4.   Current Distribution 

The current distribution for the simulation model of the antenna of Figure 6-1, is shown 

in Figure 6-3. For the TM11 ring, the current distributions of the port #1 and port #2, correspond 

to the x and y components respectively, and are shown in Figure 6-3 (a) and Figure 6-3 (b) 

respectively. The current distributions of the TM21 mode are shown in Figure 6-3 (c) and Figure 

6-3 (d), when port #3 and port #4 are active respectively. The general form of the TM21 current 

distribution resembles the TM21 current distribution of the disk patch shown in Figure 2-4 (b), 

but show a much stronger azimuthal component.  

The current distributions in Figure 6-3, are shown only at one instant in time for all 

cases, since the vectors of the electric current do not rotate in time and the radiated fields are 

linearly-polarized. 
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(a) (b) 

  

(c) (d) 

Figure 6-3   The simulated current distribution of the dual-mode antenna shown in Figure 6-1, when (a) 

port #1 is active, (b) port #2 is active, (c) port #3 is active, (d) port #4 is active. The radiation patterns 

are linearly-polarized in all cases. 
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6.5.   Parametric Study of the Partially-Inserted Feeding Probes 

The partially-inserted probes in the design in Figure 6-1, is a simple approach for 

matching the impedance of the antenna to the impedance of the 50 Ω coaxial cable. For each 

patch, there are two parameters associated with each probe that allow control over the 

impedance: the distance of the probe from the center of the antenna 𝑟𝑓, and the insertion height 

of the probe ℎ𝑓. To demonstrate this, the results of a simple parametric study are presented in 

this section. 

Figure 6-4 shows the impedance loci of port #1 (with all other ports terminated in 

matched loads), in a smith chart, for various values of the probe distance and probe height. The 

center of the smith chart represents the impedance which is ideally matched to the feed line.  

The results show how the impedance of the antenna is controlled by 𝑟𝑓 and ℎ𝑓 these two 

parameters. Specifically, for a probe insertion height of 6 mm, i.e. direct contact with the patch, 

the input resistance is large at resonance (i.e. the point where the impedance locus intersects 

with the horizontal diameter of the chart), resulting in a large reflection towards the feed. At 

the other extreme, a very small probe insertion height (e.g. 2mm), results in an impedance 

which is too capacitive, as the probe is too far from the patch. 

Figure 6-5 shows similar results for the impedance loci of port #3 (with all other ports 

terminated in matched loads). In this case, distance of the probe feeding the TM21 patch, does 

not affect impedance matching significantly, and the probe height is the main factor in 

determining the matching. Similar to the port #1, a probe insertion height of 6 mm results in a 

very large impedance, whereas a small value of the insertion height results in a very capacitive 

impedance.  
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(a) 

 

(b) 

Figure 6-4   The impedance loci of the TM11 patch of the dual-mode antenna shown in Figure 6-1, for 

various values of the (a) distance and (b) height of the partially-inserted probe feed (port #1). 
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(a) 

 

(b) 

Figure 6-5   The impedance loci of the TM21 patch of the dual-mode antenna shown in Figure 6-1, for 

various values of the (a) radius, and (b) height of the partially-inserted probe feed (port #3). 



179 

 

6.6.   Radiation Patterns 

The radiation patterns of the fabricated antenna of Figure 6-1 (c) were measured in the 

SATIMO SNFR. The setup is shown in Figure 6-6. Similar to the setup of the previous chapter, 

the antenna is raised to the center of the measurement arc by means of foam blocks, however, 

no supporting plate was used this time, as the size of the antenna was small enough to be 

supported by the foam blocks alone. The in-situ radiation patterns of the antenna were 

measured, which include the effects of mutual coupling, finite ground plane size and all the 

antenna losses. 

 

Figure 6-6   The radiation pattern measurement setup of the antenna of Figure 6-1 (c), in a SATIMO 

spherical near-field range (SNFR). 

 

The gain patterns were only measured for port #1 and port #2 since the gain patterns of 

the other two ports are similar due to the symmetry. The simulated and measured 3-D and 2-D 
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gain patterns of the array, at the center frequency of 1.575 GHz, are shown in Figure 6-7 when 

port #1 is active (TM11 mode), and in Figure 6-8 when port #2 is active (TM21 mode). The 

simulation and measurement results are in good agreement. The radiation patterns for both 

modes are linearly-polarized in this design, and compare well with the theoretical patterns of 

Figure 2-2. Some pattern distortions and asymmetries can be observed in the simulation and 

measurement results, when compared to the theory, because of the mutual coupling, finite 

ground plane effects, and the excitation of the spurious modes.  

The maximum simulated and measured gains as a function of frequency are shown in 

Figure 6-9. The simulated and measured gains have good agreement, specifically around the 

center frequency. The gain is stable over the desired 2 MHz bandwidth required for the C/A 

code. Note that, while the gain of the TM11 ring patch is typical of a GPS antenna, the gain of 

the TM21 patch is around -1 dBi, which is significantly lower than the theoretical gain of a 

lossless TM21 mode disk patch on an infinite ground plane, which was 6.6 dBi. The low gain 

of the TM21 mode ring in the designed antenna is due to its poor efficiency and the large 

radiation in the backlobe. These radiation characteristics of the antenna are summarized in 

Table 6-2. Due to the very compact ground plane in this design, almost half the energy of the 

TM21 ring is radiated below the horizon, resulting in 3 dB loss in gain compared to the theory. 

Also, due to the dielectric and conductor losses, the efficiency is only around 30%, which is 

equivalent to around 5 dB loss in gain. The large backlobe energy, together with the low 

efficiency of the TM21 ring, result in about 8 dB lower gain compared to a theoretical lossless 

antenna on an infinite ground plane. 

The degradation of the gain of the TM21 element, translates directly into a degradation 

in the maximum adaptive array gain of the antenna for CRPA application. The maximum gain 
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adaptive array gain for the simulated antenna is shown in Figure 5-15, and compared to the 

theoretical array with lossless antennas and infinite ground plane. The difference between the 

two curves is as high as 6.5 dB at low elevation angles. 

  

(a) 

  

(b) 

  

(c) 

Figure 6-7   The simulated and measured gain patterns of the antenna of Figure 6-1, when port #1 is 

active, corresponding to the TM11 mode. (a) Simulated 3-D gain patterns. (b) Measured 3-D gain 

patterns. (c) Simulated and measured 2-D gain patterns. 

𝜙 = 0° 𝜙 = 90° 
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(a) 

  
(b) 

  

  
(c) 

Figure 6-8   The simulated and measured gain patterns of the antenna of Figure 6-1, when port #2 is 

active, corresponding to the TM21 mode. (a) Simulated 3-D gain patterns. (b) Measured 3-D gain 

patterns. (c) Simulated and measured 2-D gain patterns. 

𝜙 = 0° 𝜙 = 45° 

𝜙 = 90° 𝜙 = 135° 
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Figure 6-9  The simulated and measured maximum of the TM11 and TM21 modes in the antenna of 

Figure 6-1. 

 

Table 6-2   The simulated and measured radiation properties of the dual-mode antenna element of 

Figure 6-1. 

Mode Gain (dBi) Efficiency (%) Back-Lobe Energy 

(%) 

Sim. Meas. Sim. Meas. Sim. Meas. 

TM
11

 3.6 4.3 80 87 31 23 

TM
21

 -1.1 -0.4 32 31 47 48 
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Figure 6-10   The maximum adaptive array gain, for the theoretical CRPA of Figure 3-24 (c), which is 

the case of lossless antennas on an infinite ground plane, and the simulated prototype of Figure 6-1 (a), 

which includes the antenna losses and the finite ground plane effects. 

 

6.7.   Effect of the Ground Plane Size and Substrate Thickness on the 

TM21 Ring Gain 

It was just shown that the TM21 ring in the proposed antenna has a low efficiency and 

a considerable radiated energy towards the back side of the antenna (lower hemisphere), both 

of which contribute to a low value of the maximum gain in the upper hemisphere for the 

designed antenna. While the gain values achieved may still be enough for a specific 

application, gain enhancement is studied in this section to provide useful information for other 

applications requiring larger gains. The gain enhancement is achieved by means of increasing 

the ground plane size and substrate height of the antenna. 

Theoretical Antenna of Figure 3-24 (c), with lossless antennas and infinite ground 

Simulated Antenna of Figure 6-1, with antenna losses and finite ground 
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Since the aim here is to show the improvements on the TM21 mode ring only, a 

simplified model of the original designed antenna of Figure 6-1 is considered. Consider the 

geometry of the TM21 ring, with the same dimensions as those of the original design, as shown 

in Figure 6-11. Compared to the original design, the radius of the ground plane of the antenna 

in Figure 6-11 is extended, while the radius of the substrate is kept the same as the original 

design. The reason for not extending the substrate radius is that it is still desirable to keep the 

antenna small, even on a larger ground plane, as the larger ground plane may be readily 

available for some applications, e.g. the fuselage of an aeroplane, while the real state for the 

antenna structure may still be small. The effects of the variations of 𝑟𝑔 and the substrate 

thickness ℎ, on the antenna maximum gain are studied.  

Note that, only one polarization is considered here since the dual-polarization operation 

has no effect on the gain and efficiency characteristics of the antenna, since the mutual coupling 

was shown to be reasonably small. 
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Figure 6-11   A simplified model of the original design of the dual-polarized dual-mode TM11-TM21 

patch antenna model of Figure 6-1, with only the TM21 ring. A larger ground plane and a variable 

substrate thickness are considered for this design, to show their effects on the maximum gain.  

 

 The effect of the ground plane size on the gain of the TM21 mode ring is shown in 

Figure 6-12 for three different substrate thicknesses. As it can be observed, the gain of the 

antenna is increased as the ground plane radius is increased, for all the substrate thicknesses 

considered, and reaches a maximum level for each substrate thickness value. Increasing the 

ground size beyond the value corresponding to the maximum value of gain however, does not 

improve the gain and even slightly lowers it. This is a well-known phenomenon, i.e. the gain 

of an antenna element with a small ground plane size is small and as the ground plane radius 
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is increased to infinity, approaches a certain value, but it does so in an oscillatory manner, 

overshooting the final value in the first (few) oscillation(s) [63].  

Furthermore, the gain values for a thicker substrate are consistently higher than those 

of the original design. This is expected to be mostly due to the increase of the efficiency, as it 

is known that a thicker substrate results in lower dielectric and conductor losses [58]. This 

explanation is further justified by considering the variation of the efficiency in a moment. 

Since as mentioned, the gain of the designed antenna deviates from the theoretical 

values because of the non-ideal radiation efficiency and the radiation in the backside, the effect 

of the ground plane size and substrate thickness are also shown for those two parameters 

separately, to see their contributions to each of them.  

Figure 6-13 shows the effect of the ground plane size and substrate thickness on the 

efficiency, which shows an increasing trend in the efficiency as the ground plane size is 

increased, until a maximum value of efficiency is reached. An increase in the ground size 

beyond that point slightly decreases the efficiency. Again, it is expected that the efficiency 

values approach a final value in an oscillatory manner. Furthermore, the effect of a higher 

thickness is an improvement in the efficiency curve, which was pointed out earlier.  

Figure 6-14 shows the effect of the ground plane size and substrate thickness on the 

backlobe energy. It can be observed that the backlobe energy is entirely determined by the 

ground plane size and is not affected by the substrate thickness. The larger the ground plane 

size, the lower the radiation below the horizon. This result is intuitive. The gain patterns for 

various ground plane sizes, are shown in Figure 6-15, when substrate thickness is 6 mm.  
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In summary, the study of this section is important as it shows that the gain of the TM21 

ring can be improved by adopting a thicker substrate and a larger ground plane size. A thicker 

substrate results in an increased efficiency but does not affect the backlobe radiation. A larger 

ground plane size, reduces the backlobe radiation, and increases the efficiency. While an 

increase in the substrate thickness is likely possible for many applications, the choice of the 

ground plane size may not be flexible and may depend on the platform on which the antenna 

is to be installed. 

 

Figure 6-12   Effect of the ground plane size and substrate thickness on the gain of the TM21 ring shown 

in Figure 6-11. 

 

Figure 6-13   Effect of the ground plane size and substrate thickness on the efficiency of the TM21 ring 

shown in Figure 6-11. 

 original design 

 original design 
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Figure 6-14   Effect of the ground plane size and substrate thickness on the backlobe energy of the TM21 

ring shown in Figure 6-11. 

 

   
(a) (b) (c) 

   
(d) (e) (f) 

Figure 6-15   Effect of the ground plane size on the gain patterns of the TM21 ring shown in Figure 

6-11, for a substrate thickness of 6 mm. (a) 𝑟𝑔 = 3.2 𝑐𝑚 (0.17 𝜆0). (b) 𝑟𝑔 = 5 𝑐𝑚 (0.26 𝜆0). (c) 𝑟𝑔 =

7 𝑐𝑚 (0.37 𝜆0). (d) 𝑟𝑔 = 9 𝑐𝑚 (0.47 𝜆0). (e) 𝑟𝑔 = 11 𝑐𝑚 (0.58 𝜆0). (f) 𝑟𝑔 = 12 𝑐𝑚 (0.63 𝜆0). 

 

 original design 
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6.8.   Null-Steering Performance 

The performance of the simulated antenna model of Figure 6-1 in terms of the angular 

availability, was evaluated using the Monte Carlo approach of chapter 3. The results are 

presented in this section and compared to those of the theoretical array of Figure 3-24 (c), 

which had lossless elements and an infinite ground plane. For the simulated antenna (Figure 

6-1), two cases are considered: the antenna with the original ground plane size in Figure 6-1, 

i.e. 𝑟𝑔 = 3.2 𝑐𝑚 (0.17 𝜆0), and the antenna with a larger ground plane radius of 𝑟𝑔 =

7 𝑐𝑚 (0.37 𝜆0). In all simulations, it is assumed that SNRin = −20 𝑑𝐵 and INRin = 20 𝑑𝐵. 

The results are the average over 100 simulations. Figure 6-16 shows the results of the 

analysis for RHCP interferers incident from the upper hemisphere (0° < 𝜃𝑖𝑗 < 90°). For this 

case, the degradation of the performance of the simulated antennas, compared to the theoretical 

model is significant, which is because of the much lower gain of the TM21 mode antenna with 

finite ground plane and dielectric and conductor losses, compared to an ideal lossless TM21 

patch on an infinite ground plane. The simulated antenna with the larger ground plane performs 

slightly better than the simulated antenna with the smaller ground plane, which is because of 

the slight improvement in gain. Similar results can be seen in the  Figure 6-17, which shows 

the results of the analysis for RHCP interferers incident from the low-elevation angle region 

(60° < 𝜃𝑖𝑗 < 90°). 

Figure 6-18 shows the results of the analysis for the case of randomly-polarized 

interferers incident from the upper hemisphere (0° < 𝜃𝑖𝑗 < 90°). The performance of the 

simulated antenna (for both ground sizes) is much better compared to the previous two cases, 

i.e. RFI scenarios with RHCP interferers. Once gain, the performance of the simulated antenna 
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is better for the larger ground plane size, compared to the same antenna with the smaller ground 

plane size. The results of the case of randomly-polarized interferers incident from the low-

elevation angle region (60° < 𝜃𝑖𝑗 < 90°), are shown in Figure 6-19. The performance of the 

simulated antennas is much better compared to the case of RHCP interference, and is very 

close to that of the theoretical array. The larger size of the ground plane once again, results in 

better performance in the simulated array. 

  



192 

 

RHCP Interference (𝟎° < 𝜽𝒊𝒋 < 𝟗𝟎°) 

  

(a) (b) 

 

Figure 6-16   The angular availability, as a function of the number of interferers, for the theoretical 

CRPA of Figure 3-24 (c), and the simulated prototype of Figure 6-1,  or two fixed SINRth values. The 

interferers are RHCP and incident from the upper hemisphere (0° < 𝜃𝑖𝑗 < 90°). The complex weights 

were computed using (a) SPMIN, and (b) DCPMIN. 

  

Theoretical Antenna of Figure 3-24 (c), lossless and with infinite ground 

Simulated Antenna of Figure 6-1 (𝑟𝑔 = 3.2 𝑐𝑚), with loss and finite ground 

Simulated Antenna of Figure 6-1 (𝑟𝑔 = 7 𝑐𝑚), with loss and finite ground 
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RHCP Interference (𝟔𝟎° < 𝜽𝒊𝒋 < 𝟗𝟎°) 

  

(a) (b) 

 

Figure 6-17   The angular availability, as a function of the number of interferers, for the theoretical 

CRPA array of Figure 3-9 (f), and the simulated prototype of Figure 5-2, for two fixed SINRth values. 

The interferers are RHCP and incident from the low-elevation region (60° < 𝜃𝑖𝑗 < 90°). The complex 

weights were computed using (a) SPMIN, and (b) DCPMIN. 

  

Theoretical Antenna of Figure 3-24 (c), lossless and with infinite ground 

Simulated Antenna of Figure 6-1 (𝑟𝑔 = 3.2 𝑐𝑚), with loss and finite ground 

Simulated Antenna of Figure 6-1 (𝑟𝑔 = 7 𝑐𝑚), with loss and finite ground 
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Randomly-Polarized Interference (𝟎° < 𝜽𝒊𝒋 < 𝟗𝟎°) 

  

(a) (b) 

 

Figure 6-18   The angular availability, as a function of the number of interferers, for the theoretical 

CRPA array of Figure 3-9 (f), and the simulated prototype of Figure 5-2, for two fixed SINRth values. 

The interferers are randomly-polarized and incident from the upper hemisphere (0° < 𝜃𝑖𝑗 < 90°). The 

complex weights were computed using (a) SPMIN, and (b) DCPMIN. 

  

Theoretical Antenna of Figure 3-24 (c), lossless and with infinite ground 

Simulated Antenna of Figure 6-1 (𝑟𝑔 = 3.2 𝑐𝑚), with loss and finite ground 

Simulated Antenna of Figure 6-1 (𝑟𝑔 = 7 𝑐𝑚), with loss and finite ground 
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Randomly-Polarized Interference (𝟔𝟎° < 𝜽𝒊𝒋 < 𝟗𝟎°) 

  

(a) (b) 

 

Figure 6-19   The angular availability, as a function of the number of interferers, for the theoretical 

CRPA array of Figure 3-9 (f), and the simulated prototype of Figure 5-2, for two fixed SINRth values. 

The interferers are randomly-polarized and incident from the low-elevation region (60° < 𝜃𝑖𝑗 < 90°). 

The complex weights were computed using (a) SPMIN, and (b) DCPMIN. 

  

Theoretical Antenna of Figure 3-24 (c), lossless and with infinite ground 

Simulated Antenna of Figure 6-1 (𝑟𝑔 = 3.2 𝑐𝑚), with loss and finite ground 

Simulated Antenna of Figure 6-1 (𝑟𝑔 = 7 𝑐𝑚), with loss and finite ground 
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6.9.   Chapter Summary 

A dual-polarized dual-mode antenna was designed in this chapter, to realize the 

theoretical CRPA model of Figure 3-9 (f). The TM11 and TM21 modes were excited in an inner 

ring and an outer ring respectively, to form a coplanar and compact antenna. The antenna has 

three DOF for nulling, and its size, including the ground plane, is 0.34 𝜆0, which is smaller 

than the state-of-the-art four-element arrays of dominant-mode RHCP elements [26], [27], 

[93]. 

To match the input impedance of the antenna to the standard coaxial probe feeds, the 

probes were inserted partially inserted into the antenna substrate. It was shown that by 

adjusting the probe's height and lateral placement, this simple method could provide complete 

control over the input impedance of the antenna. 

A fabricated prototype of the antenna was studied and its S-parameter as well as the 

radiation characteristics were extensively studied. It was shown that the gain of the TM21 ring 

was low due to the small ground plane size and the low radiation efficiency of that mode. The 

gain enhancement was then studied by means of increasing the ground plane size and the 

substrate thickness. It was shown that a larger ground plane size increased the gain, by both 

increasing the efficiency and reducing the back radiation, and a thicker substrate improved 

the gain by increasing the efficiency. 

The interference suppression performance of the simulated antenna was analyzed using 

the Monte Carlo approach, and compared to those of a theoretical array with no losses and with 

an infinite ground plane. Compared to the lossless antenna with an infinite ground plane, the 

performance of the simulated antenna with loss and finite ground plane, was shown to be 



197 

 

degraded significantly for the case of RHCP interferers, but was much better for the case of 

randomly-polarized interferers. The nulling performance of the antenna was also shown to be 

better for a larger ground plane size. 

The publications related to this chapter are a conference paper [91] (Student Paper 

Award, 2nd place) and a journal letter [92]. 
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CHAPTER 7. DESIGN OF A FOUR-PORT DUAL-BAND, 

DUAL-POLARIZED, DUAL-MODE TM11-TM21 

ANTENNA FOR L1-L2 GPS 

7.1.   Introduction 

The multimode antennas designed in the two previous chapters, operated only at a 

single band, namely the GPS L1 band. With the new modernized signals which are being 

broadcast by the satellites, or are in the development stage, multiband operation of the receiver 

antennas has attracted much interest. One of these new signals that is broadcasted for the 

civilian use is the L2C code at the L2 band with a center frequency of 1.227 GHz (Table 1-1). 

According to the USA's government [94], a civilian receiver which combines the C/A code 

from the L1 band with the L2C signal from the L2 band, could acquire ionospheric correction 

capability, which is a technique to increase the accuracy of the navigation solution. The 

potential accuracy of such a dual-band receiver is claimed to be the same or better than the 

military GPS. The other benefits of the dual-band operation are stated as "faster signal 

acquisition, enhanced reliability and a greater operating range" for the receivers. 

The main goal in this chapter is to design a dual-frequency version of the antenna 

designed in the previous chapter, i.e. a dual-polarized dual-mode TM11-TM21 patch antenna, 

with the added capability of dual-band operation at the L1 and L2 GPS bands. While the dual-

band and tri-band operation of a dominant mode TM11 patch antenna is well-known, the dual-
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band operation of the TM21 is completely new and therefore is the novelty of the work done in 

this chapter. 

7.2.   Element Geometry 

One of the most common methods to produce multi-band operation in a microstrip 

patch antenna is to use stacked patches. In such configurations, multiple patches are stacked 

on top of each other. By strategically adjusting the size of the patches at the different layers, 

each patch is made resonant at a distinct frequency of interest. 

 

Figure 7-1   A dual-band TM11 patch antenna model, consisting of two rings for each band. The antenna 

is excited for dual-polarization by two coaxial probes. 
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A stacked geometry is adopted here for both modes of the dual-band TM11-TM21 

antenna. The dual-band geometry for the TM11 mode is shown in Figure 7-1, and its dimensions 

are given in Table 7-1. The geometry consists of two stacked rings, which are fed by two 

coaxial probes (at 𝜙01 = 90° angle) to achieve dual-polarization. The smaller ring operates at 

the L1 band and the larger ring operates at the L2 band. The substrate thickness of the larger 

ring is chosen to be larger, to increase the efficiency at the L2 band. Capacitive feeding with 

coaxial probes is used in this design. Impedance matching to both rings was achieved by 

adjusting the dimensions of the rings (inner and outer radii) and the distance of the probes from 

the center of the geometry.  

Table 7-1   The dimensions and substrate properties for the dual-band antenna model of Figure 7-1. 

Variable Description Value 

𝒉𝟏 L1 TM11 substrate thickness 1.2 mm 

𝒉𝟐 L2 TM11 substrate thickness 3.6 mm 

𝝐𝒓𝟏 TM11 substrate dielectric permittivity 10.5 

𝒓𝟏 L1 TM11 patch inner radius 9 mm 

𝒓𝟐 L1 TM11 patch outer radius 12.6 mm 

𝒓𝟑 L2 TM11 patch inner radius 10 mm 

𝒓𝟒 L2 TM11 patch outer radius 16 mm 

𝒓𝒇𝟏 TM11 patch feed distance from the center 7.5 mm 

𝝓𝟎𝟏 Angle between the TM11 ports 90° 

𝒓𝒈𝟏 Ground plane radius 22 mm 

𝒓𝒏 Nylon screws' distance from the center 19 mm 
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The substrate used for the TM11 antenna geometry was a Rogers TMM10 (𝜖𝑟 = 10.5, 

tan 𝛿 = 0.002), which was available in 1.27 mm thickness boards. The L1 TM11 patch 

required only a single layer of the board, and the L2 TM11 patch required three layers of 

dielectric board. All the layers of the dual-band TM11 structure are screwed together by nylon 

screws, similar to the geometry of in Figure 6-1. The nylon screws were modeled in the 

simulation by Teflon cylinders. 

The dual-band TM21 antenna is shown in Figure 7-2, with dimensions given in Table 

7-2. The geometry consists of two stacked ring patches, which are shorted by a solid 

conducting wall at their inner radii. The top ring is excited for TM21 operation at the L1 band 

and the lower ring is excited for the TM21 operation at the L2 band. The dual-mode TM21 

antenna is fed by two coaxial probes at a 𝜙02 = 135° angle, to achieve dual-polarization 

capability. The probes in this case are assumed to be soldered to the top ring. To ensure that 

the power is coupled to the top ring, the copper is removed around the probe on the lower ring, 

in the shape of a circle with a 1 𝑚𝑚 radius. The diameter of each probe is 1.5 𝑚𝑚. In the 

shorted ring patch geometry, the impedance matching is achieved by controlling the inner 

radius of the patch and the feeding distance from the shorting wall. These dimensions in Figure 

7-2, are chosen carefully to ensure good matching to the 50 Ω SMA connectors, at both L1 and 

L2 frequency bands. 

The TM21 rings are printed on a Rogers AD1000 board (𝜖𝑟 = 10.5, tan 𝛿 = 0.002) 

with 3.15 thickness. The thickness of both layers in the design of Figure 7-2 are set to be equal 

to simplify the design. Note that the substrate thicknesses could be increased to improve the 

efficiency and gain of the antennas. 
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Figure 7-2   A dual-band TM21 antenna model, consisting of two rings for each band. The rings are 

shorted at the inner radius by solid conducting walls. The antenna is excited for dual-polarization by 

two coaxial probes. 
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Table 7-2   The dimensions and substrate properties for the dual-band TM21 antenna model of Figure 

7-2. 

Variable Description Value 

𝒉𝟑 L1 TM21 substrate thickness 3.1 mm 

𝒉𝟒 L2 TM21 substrate thickness 3.1 mm 

𝝐𝒓𝟏 TM21 substrate dielectric permittivity 10.5 

𝒓𝟏 L1 TM21 patch inner radius 13.5 mm 

𝒓𝟐 L1 TM21 patch outer radius 30.9 mm 

𝒓𝟑 L2 TM21 patch inner radius 12.5 mm 

𝒓𝟒 L2 TM21 patch outer radius 38.9 mm 

𝒓𝒇𝟐 TM21 feed distance from the center 15.5 mm 

𝝓𝟎𝟐 Angle between the TM21 ports 135° 

𝒓𝒈𝟐 L1 TM21 substrate radius 36 mm 

𝒓𝒈𝟑 L2 TM21 ground plane radius 40.5 mm 

 

The fabricated antenna prototypes of the dual-band TM11 and TM21 antennas of Figure 

7-1 and Figure 7-2, are shown in Figure 7-3 (a) and Figure 7-3 (b) respectively. To realize the 

shorting walls of each TM21 ring patch in Figure 7-3 (b), copper tapes were placed on the inner 

wall of the ring and then soldered to the ring and ground plane. The bumps due to the solders 

at the lower side of the top patch cause an air gap to exist between the two layers of the TM21 

antenna. In practice, the air gap can be avoided by using more sophisticated multilayer 

fabrication techniques. 

The dimensions of the two dual-band elements were chosen such that the feeding ports 

of the dual-band TM11 antenna fit into the inner hollow area of the dual-band TM21 antenna, 
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thus forming a dual-band dual-mode antenna, as shown in Figure 7-3 (c). The maximum 

diameter of the antenna structure is 0.34 𝜆0 at the GPS L2 frequency band. 

 

 

 
side view 

top view  

(a) 

 

 

 

 

 

 
side view 

top view  

(b) 

 

 

 

 

 

 
side view 

top view  

(c) 

Figure 7-3   The fabricated TM11 and TM21 dual-band antenna prototypes. (a) The dual-band TM11 

antenna, corresponding to the simulated model in Figure 7-1. (b) The dual-band TM21 antenna, 

corresponding to the simulated model in Figure 7-2. (c) The completed dual-band dual-polarized dual-

mode antenna. 
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7.3.   S-Parameters 

The S-parameters of the prototype antennas of Figure 7-3, were measured using VNA 

and the results are as follows. Figure 7-4 (a) shows the S-parameters of the TM11 mode antenna. 

Both the simulated and measured results show the two resonances at the L1 and L2 frequency 

bands. The measured resonant frequencies are shifted to higher frequencies compared to the 

simulated values, which is due to the fabrication errors such as the inaccuracy of the exact 

value of the substrate permittivity, inaccuracy in the value of the substrate thicknesses, and 

most importantly, the presence of airgap between the layers, as multilayer antennas are very 

sensitive to the presence of the airgap between the layers. For instance, a small airgap of only 

0.01 mm between the two top layers, shifts the S11 response much closer to the measured 

results, as shown in Figure 7-4 (a).  

The S-parameters of the dual-band TM21 element is shown in Figure 7-4 (b). The S33 

curve in this figure shows multiple resonances which are labeled on the figure. The resonant 

frequency of TM11 mode of the top patch is just below the resonant frequency of the TM21 

mode of the bottom patch, and the resonance frequency of the TM31 mode of the bottom patch 

is just above the resonant frequency of the TM21 mode of the top patch. The simulated and 

measured curves in this case are closer in this case, when compared to the results of Figure 7-4 

(a). 

Note that the measured S-parameter results in this section did not include the mutual 

coupling between the two modes, i.e. S13, S23, S14 and S24. The reason is that the coupling 

values need to be measured when both modes are resonant, but the resonant frequencies of the 

TM11 and TM21 modes did not match in measurements. The mutual coupling values are 
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expected to be small, as it was shown in Chapter 4 for two orthogonal modes radiating from 

the same phase center. 

 

(a) 

 

(b) 

Figure 7-4   The simulated and measured S-parameters of the dual-band antennas of Figure 7-3. (a) The 

dual-band TM11 element. (b) The dual-band TM21 element. 
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7.4.   Current Distribution 

The current distributions of the dual-band antennas are presented in this section. Figure 

7-5 shows the simulated current distributions for the TM11 antenna model of Figure 7-1. The 

current distribution for the top ring is shown at the L1 frequency band for active port #1 and 

port #2, in Figure 7-5 (a) and Figure 7-5 (b) respectively. The TM11 mode operation of the ring 

is evident, and the results are similar to the ones in Figure 6-3 (a) and Figure 6-3 (b). The 

current distributions for the bottom ring are shown at the L2 frequency band, for port #1 and 

port #2 in Figure 7-5 (c) and Figure 7-5 (d) respectively, which show similar distributions to 

the top patch. 

  

(a) (b) 

  

(c) (d) 

Figure 7-5   The simulated current distribution of the dual-band TM11 element of in Figure 7-1. (a) Top 

patch, at the L1 band, when port #1 is active. (b) Top patch, at the L1 band, when port #2 is active. (c) 

Bottom patch, at the L2 band, when port #1 is active. (d) Bottom patch, at the L2 band, when port #2 

is active. 
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The simulated current distribution of the dual-band TM21 antenna of Figure 7-2 is 

shown in Figure 7-6. Figure 7-6 (a) and Figure 7-6 (b) show the current distributions on the 

top ring at the L1 frequency band, for the ports #3 and #4 respectively. The TM21 operation of 

the patch is clear, when compared to the theoretical current distribution in Figure 2-4 (b). The 

current distribution for the bottom ring is shown at the L2 frequency band in Figure 7-6 (c) and 

Figure 7-6 (d) when ports #3 and #4 are active respectively, showing similar currents as the 

top ring. 

  

(a) (b) 

 
 

(c) (d) 

Figure 7-6   The simulated current distribution of the dual-band TM21 element of Figure 7-2. (a) Top 

patch, at the L1 band, when port #3 is active. (b) Top patch, at the L1 band, when port #4 is active. (c) 

Bottom patch, at the L2 band, when port #3 is active. (d) Bottom patch, at the L2 band, when port #4 

is active. 
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7.5.   Radiation Patterns 

The radiation pattern of the fabricated dual-band antennas of Figure 7-3 was measured 

in the SATIMO SNFR. The setup is shown in Figure 7-7, which is very similar to the setup in 

Figure 6-6. Due to the symmetry, only the radiation patterns for the port #1 and port #3 are 

shown here. Once again, the in-situ gain patterns are measured, i.e. when one port is active, all 

the other ports are terminated in matched loads. 

 

Figure 7-7   The radiation pattern measurement setup of the fabricated antenna of Figure 7-3, in a 

SATIMO spherical near-field range (SNFR). 

 

The radiation patterns of the TM11 mode at the L1 band and L2 band, are shown in 

Figure 7-9 and Figure 7-10 respectively. The measured patterns have reasonable agreement 
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with the simulated ones, but pattern distortions are present, which are because of the 

degradation of mode purity due to the excitation of unwanted modes. The radiation patterns of 

the TM21 mode at the L1 band and L2 band, are shown in Figure 7-10 and Figure 7-11 

respectively. Good agreement is observed between the simulated and measured results. 

The other radiation characteristics for each mode are summarized in Table 7-3. The 

values of the maximum gain, radiation efficiency and backlobe energy are given at the L1 and 

L2 frequency bands, computed from simulation and measurement results. Even though the L2 

patch of the TM11 mode had a thick substrate, the gain is still not as high as that of the L1 TM11 

patch. The gain values are also lower for both frequency bands of the TM21 mode compared ot 

the TM11 mode, due to the conical shape of the pattern, lower radiation efficiency and the larger 

backlobe energy of the TM21 mode pattern. As it was shown in the previous chapter, the TM21 

gains can be improved by increasing the substrate thickness and increasing the ground plane 

size. 
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(a) 

  

(b) 

  

(c)  

Figure 7-8   The simulated and measured gain patterns of the dual-band TM11 antenna element of Figure 

7-3 at the L1 band, when port #1 is active. (a) Simulated 3-D gain patterns. (b) Measured 3-D gain 

patterns. (c) Simulated and measured 2-D gain patterns. 

 

𝜙 = 0° 𝜙 = 90° 
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(a) 

  

(b) 

  

 

Figure 7-9   The simulated and measured gain patterns of the dual-band TM11 antenna element of Figure 

7-3 at the L2 band, when port #1 is active. (a) Simulated 3-D gain patterns. (b) Measured 3-D gain 

patterns. (c) Simulated and measured 2-D gain patterns. 

𝜙 = 0° 𝜙 = 90° 
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(a) 

  
(b) 

  

  
(c) 

Figure 7-10   The simulated and measured gain patterns of the dual-band TM21 antenna element of 

Figure 7-3, at the L1 band, when port #3 is active. (a) Simulated 3-D gain patterns. (b) Measured 3-D 

gain patterns. (c) Simulated and measured 2-D gain patterns.  

𝜙 = 0° 𝜙 = 45° 

𝜙 = 90° 𝜙 = 135° 
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(a) 

  
(b) 

  

  
(c) 

Figure 7-11   The simulated and measured gain patterns of the dual-band TM21 antenna element of 

Figure 7-3, at the L2 band, when port #3 is active. (a) Simulated 3-D gain patterns. (b) Measured 3-D 

gain patterns. (c) Simulated and measured 2-D gain patterns. 

𝜙 = 0° 𝜙 = 45° 

𝜙 = 90° 𝜙 = 135° 
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Table 7-3   The simulated and measured radiation properties of the dual-mode antenna element of 

Figure 7-3. 

Mode Gain (dBi) Efficiency (%) Back-Lobe Energy 

(%) 

Sim. Meas. Sim. Meas. Sim. Meas. 

TM
11

(L1) 3.7 3.6 67 65 18 16 

TM
11

(L2) 1.2 1.3 43 34 29 18 

TM
21

(L1) -0.7 -1.1 43 34 48 49 

TM
21

(L2) -2.5 -1.8 23 21 50 50 
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7.6.   Chapter Summary 

As there are many advantages to the multi-band operation of the GPS antennas, such 

as an increase in accuracy, this chapter was dedicated to the design of a dual-band version of 

the compact dual-mode dual-polarized antenna designed in Chapter 6. While the design of 

multiband dominant-mode antenna elements is well-known in the literature, the multi-band 

operation of a dual-mode TM21 antenna had not been studied, and was therefore the main 

contribution in this chapter.  

The designed antenna consisted of the TM11 and TM21 mode elements, where each 

element consisted of two stacked patches. The TM11 dual-band antenna consisted of two 

stacked rings, which were fed capacitively by two coaxial probes, similar to the feeding 

mechanism in Chapter 6. The input matching was achieved through adjusting the dimensions 

of the rings and the feeding distance of the probes.  

For the TM21 dual-mode antenna, a structure consisting of two stacked rings was 

designed, where both rings were shorted by a solid short at their inner radii. The two stacked 

shorted rings were fed by coaxial probes, which passed through a small hole in the lower patch, 

and were soldered to the upper patch. The input matching to both patches was achieved by 

adjusting the inner and outer radii of the rings, and the probe feeding distance. 

For both TM11 and TM21 dual-band antennas, the dimensions of the patches were 

chosen such that the top patch was excited at the L1 GPS band and the lower patch was excited 

at the L2 GPS band. Finally, to assemble the antenna, the TM11 antenna was placed on top of 

the TM21 antenna, to form a dual-band dual-polarized dual-mode antenna. The overall diameter 

of the antenna including the ground plane was 0.34 𝜆0. 
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The S-parameters, current distributions and radiation properties of the antenna were 

studied through full-wave simulation and measurements. The dual-band operation as well as 

the dual-polarization capability were verified at both frequency bands. Reasonable gains were 

achieved at both frequency bands and for both modes, although, the gains at the lower band 

(L2) were found to be 1--2 dB lower than the gains at the upper band (L1).  
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CHAPTER 8. CONCLUSIONS 

8.1.   Summary 

The utilization of TMn1 mode circular microstrip antennas for the GPS interference 

suppression applications was studied in this thesis. In Chapter 1, an introduction was provided 

to familiarize the readers about the general properties of GPS antennas, and the necessity of 

CRPA arrays for interference mitigation in GPS receivers. The improvement in the availability 

of service and physical size reduction of the CRPA, were identified as two main goals in this 

research. 

In Chapter 2, first, the background theory of the circular microstrip antennas was 

reviewed. The radiation characteristics and resonant frequencies of disk patch antennas, were 

studied. It was shown that on a dielectric substrate with relative permittivity of 10, the first 

TMn1 mode disk patches were small enough for array applications. Then, alternative 

geometries of ring and shorted ring patches were also briefly reviewed. It was shown that for 

the same resonant frequency, the shorted ring patch was slightly larger, and the ring patch was 

smaller than a disk patch.  

After reviewing the material on the physical antenna elements, the signal processing 

method used to evaluate the performance of a CRPA was reviewed. The output SINR of an 

adaptive array was shown to be a suitable metric for CRPA evaluation, rather than the gain of 

an array. To obtain the SINR of a CRPA in the steady-state, a power minimization method 

with a linear constraint was considered. The complete formulation of the steady-state solution 
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was provided for two types of the constraint vectors. A fixed constraint vector was considered 

as a useful method for practical applications where the DOA of the desired signal is not 

available, and a directional constraint vector was considered, to evaluate the best performance 

of an array with an optimum beamformer. A useful metric, namely availability, which is 

defined as the angular space in the upper hemisphere where the output SINR exceeds a 

threshold value, was shown to be an important parameter for a CRPA. An approach with many 

Monte Carlo simulations of a CRPA in the presence of different types of interferes, was 

identified as suitable approach for the study.  

In Chapter 3, first, it was shown that in an array of dominant-mode elements, the 

nulling resolution is limited by the array size, or equivalently, the inter-element spacing. This 

was shown to be true, even in an ideal array with no mutual coupling or antenna losses. Next, 

various array configurations with nine ports and a fixed aperture size, and consisting of 

multimode TMn1 mode antenna elements were studied, and their interference suppression 

performance was evaluated in different interference scenarios. Two main conclusions of the 

analysis, were that 

1. Dual-polarized antenna arrays in general, perform much better than RHCP arrays 

in the presence of randomly-polarized interferers. 

2. An array of dual-mode TM11-TM21 elements, with RHCP radiation for the TM11 

mode and dual-polarized radiation for the TM21 mode, performs better than all the 

other planar array configurations studied, for all interference scenarios [81], [82]. 

The array was shown to perform as good as a three-dimensional spherical array, 

which is known to have the best coverage in the upper hemisphere [36], [37]. 
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Next, a single dual-polarized dual-mode TM11-TM21 antenna was studied as a 

standalone CRPA with three DOF and its performance was studied and compared to the 

conventional dominant-mode RHCP and dual-polarized arrays. It was shown that the antenna's 

performance was better than the conventional arrays. Since the radiation properties of the TMn1 

mode antennas were shown in Chapter 2 to be independent of the antenna size, beyond some 

point of miniaturization, it was concluded, that in a multimode TMn1 antenna element, the 

nulling resolution is not limited by the antenna size and does not degrade if the antenna is 

miniaturized. 

In Chapter 4, the issue of mutual coupling in arrays of multimode TMn1 elements was 

studied qualitatively. First, it was shown how the beam coupling factor arises in the S-

parameter analysis of an array, when the free space is considered to be a port in the microwave 

network. It was demonstrated that a low beam coupling factor is a necessary condition for low 

mutual coupling in an array. The beam coupling factor was then studied in a hypothetical array 

of two TMn1 elements, and the optimum distances and orientation angles for low mutual 

coupling were found. The main conclusions from the study of this chapter were that, in any 

multimode TMn1 element, where the modes radiate from the same phase center, due to the 

orthogonality of different modes and different polarizations, low mutual coupling should be 

easily achievable, and that in the dual-mode TM11-TM21 array of Chapter 3, which was shown 

to have the best performance among the planar arrays, the optimum inter-element spacing is 

around half a wavelength. 

Based on the theoretical results, three antennas were designed and fabricated. The 

results were reported in the following chapters 5 to 7 in the thesis. 
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In Chapter 5, a prototype of the nine-port array of dual-mode TM11-TM21 elements 

studied theoretically in Chapter 3, was designed. Each dual-mode element consisted of a TM11 

circular patch with an oval slit cut in the middle for RHCP operation, and a TM21 ring patch 

shorted by 16 vias, and fed by two coaxial probes for dual-polarization operation. It was shown 

that by placing airgaps between the array elements, the mutual coupling between the TM21 

elements could be reduced from -7 dB to less than -13 dB. The simulation results were all 

verified by measurements of a fabricated prototype. The array's performance as a CRPA was 

analyzed and compared to a theoretical array with no losses and with an infinite ground plane, 

and it was shown that despite the antenna losses and the back radiation due to the finite ground 

plane, the designed array performed well. The results of this chapter were published in [88]. 

Chapter 6 was dedicated to the design of a compact dual-polarized dual-mode TM11-

TM21 antenna with 3 DOF. To achieve a small size, both modes were excited in rings. The 

TM11 mode was excited in an inner ring, and the TM21 mode was excited in an outer ring, to 

form a coplanar structure. Two coaxial probes were used to feed each ring, to achieve dual-

polarization. To match the impedance of the feed lines to the rings, the probes were partially 

inserted into the substrate and fed the rings capacitively. The input impedance was shown to 

be controllable by the insertion depth and location of the partially-inserted coaxial feeds. Next, 

the radiation properties of the antenna were investigated through simulation and measurement. 

It was shown that the gain of the TM21 mode could be increased by increasing the substrate 

thickness or the ground plane radius. The interference suppression performance of the antenna 

was studied and compared to a theoretical antenna with no losses and an infinite ground plane. 

The performance of the antenna with losses and finite ground plane was shown to be 

satisfactory for the case of randomly-polarized interferers. The performance of the antenna 



222 

 

was shown to be better for a larger ground plane size. The designed antenna is smaller than 

the state-of-the-art four-element RHCP arrays of for example [10], [26], [27], [93], while 

having the same DOF. The results of this chapter were published in [91], [92]. 

In Chapter 7, a dual-band version of the dual-polarized dual-mode TM11-TM21 antenna 

was designed and studied. To achieve dual-band operation, the classic technique of stacking 

was utilized. For the TM11 mode, two rings were stacked and fed capacitively by two coaxial 

probes. The ring dimensions were adjusted such that the top patch resonated at the L1 band 

and the bottom patch at the L2 band. For the TM21 mode, two shorted rings were stacked. Two 

coaxial probes were used to feed the top patch by direct contact and the bottom patch 

capacitively, through a ring cut around the probe, on the lower patch. Similarly, the ring 

dimensions were adjusted such that the top patch resonated at the L1 band and the bottom patch 

at the L2 band. The S-parameters and radiation characteristics of the designed antenna were 

studied through simulation and measurement. The gains of both TM11 and TM21 mode rings 

were shown to be lower by 1-2 dB at the L2 band compared to the L1 band. 

8.2.   Future Work 

The future work of this thesis is summarized as follows:  

1. The performance of the designed CRPAs was only evaluated using numerical 

simulations. The performance should also be evaluated in field trials with live 

signals. This will be best done with custom front-end hardware and with the software 

defined radio (SDR) approach [95], [96]. 

2. In the analysis of Chapter 3, the multipath was ignored, and only two types of 

beamformers were considered (simple and directionally-constrained). The multipath 
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should be included in a future work and different types of system architecture and 

beamformers should be considered. 

3. The arrays considered in Chapter 3 were limited to a few configurations, so other 

configurations should be studied. For instance, in all the dual-polarized arrays 

considered, it was assumed that each two orthogonal polarizations radiated from the 

same element. Orthogonal polarizations may however be created by different 

antenna elements, as in [55], which should be studied and compared to the 

configurations in this thesis. Also, configurations with different number of DOF 

should be studied to confirm the results of Chapter 3. 

4. The conclusion of Chapter 3 regarding the nulling resolution of a multimode TM11-

TM21 antenna element was significant, as it was shown to be independent of the size 

of the antenna. The antenna size however puts limits on the achievable gain and 

quality factor. The exact fundamental limits for the gain of small antennas has only 

been derived for omni-directional and dominant-mode antennas in the literature 

[97]. Such fundamental limits should be derived for the higher-order radiation 

modes. 

5. It was shown in Chapter 4 that the orthogonality of the TMn1 modes is a desirable 

feature for the low mutual coupling. Such orthogonality may also be a fundamental 

feature useful for beamforming and null-steering. This matter should be studied 

possibly in the context of eigenspace beamforming [69]. 

6. The nine-port array of dual-mode TM11-TM21 elements designed in Chapter 5, could 

be miniaturized further by shaping of the patch geometries or using higher dielectric 

permittivity material. 
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7. The dual-polarized dual-mode TM11-TM21 antenna of Chapter 6 can be improved in 

a few ways. First, the bandwidth of the antenna should be increased if the reception 

of the P(Y) code is intended. Second, reducing the back radiation of the TM21 mode 

should be studied for example by ground chokes [98]. 

8. Some degradation in the performance of the prototype CRPAs was observed in the 

results of Chapters 5 and 6, for the case of RHCP interferers. It was also found in 

Chapter 3, that the performance of a dual-polarized arrays was not as good in the 

presence of RHCP interferers, as it was in the presence of randomly-polarized 

interferers. The performance of a dual-polarized array in the presence of RHCP 

interferers needs to be studied further. 

9. The dual-band dual-polarized dual-mode TM11-TM21 antenna of Chapter 7 could 

also be improved in some areas. It is desirable to make the whole structure of the 

TM11 and TM21 modes co-planar, or at least more integrated. The gains of both 

modes at the lower L2 band need improvement. 

10. Design of a multimode TMn1 antenna with tri-band operation at for example the GPS 

L1, L2 and L5 bands should be studied. 
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APPENDIX: RADIATION PATTERN ROTATION 

The pattern rotation is useful for theoretically analyzing the radiation pattern of curved 

arrays. Pattern rotation in spherical coordinate is presented in this appendix. The Euler-

Rodriguez formulas are used for this purpose as follows. 

The far-field pattern is given over the entire angular space as �⃗⃗�(𝜃, 𝜙). It is desired to 

find the rotated pattern �⃗⃗�′(𝜃′, 𝜙′), which is the result of rotation of �⃗⃗�(𝜃, 𝜙) around an arbitrary 

vector �⃗⃗� by an angle 𝜓. This is done in two steps for every point in the original far-field pattern 

such as (𝜃, 𝜙). First, the new angles (𝜃′, 𝜙′), which corresponds to the rotation of the original 

point (𝜃, 𝜙) are found using the Euler-Rodriguez formula [99]. Then using the same formula, 

the rotated far-field vector �⃗⃗�′ is found. 

For the first step, a position vector �̂�(𝜃, 𝜙) is rotated to find �̂�(𝜃′, 𝜙′)  

 
�̂�(𝜃′, 𝜙′) = �̂�(𝜃, 𝜙) cos𝜓 + (�⃗⃗� × �̂�(𝜃, 𝜙) ) cos𝜓 + �⃗⃗�(�⃗⃗� ∙ �̂�(𝜃, 𝜙) )(1

− cos𝜓) 
(71) 

and �⃗⃗�′ at (𝜃′, 𝜙′) is found as 

 
�⃗⃗�(𝜃′, 𝜙′) = �⃗⃗�(𝜃, 𝜙) cos𝜓 + (�⃗⃗� × �⃗⃗�(𝜃, 𝜙) ) cos𝜓 + �⃗⃗�(�⃗⃗� ∙ �⃗⃗�(𝜃, 𝜙) )(1

− cos𝜓) 
(72) 

where 

 �̂�(𝜃, 𝜙) = sin 𝜃 cos𝜙 �̂� + sin 𝜃 sin 𝜙 �̂� + cos 𝜃 �̂� = 𝑟𝑥�̂� + 𝑟𝑦�̂� + 𝑟𝑧�̂�. (73) 

Instead of considering an arbitrary rotation vector �⃗⃗�, only two cases are considered. One is 

�⃗⃗� = �̂�, corresponding to the azimuthal rotation and the other one is  �⃗⃗� = �̂�, corresponding to 
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the elevational rotation. A radiation pattern can be arbitrarily rotated in the angular space 

using these two rotation vectors.  

The azimuthal rotation (�⃗⃗� = �̂�) is trivial since neither of the components of �⃗⃗�, i.e. 𝐸𝜃 

and 𝐸𝜙 are changed, and the position vector would simply rotate in azimuth, resulting in 

𝜙′ = 𝜙 + 𝜓 and  𝜃′ = 𝜃. 

For �⃗⃗� = �̂�, the rotated position vector can be found as 

 
�̂�′(𝜃′, 𝜙′) = 𝑟𝑥′�̂� + 𝑟𝑦′�̂� + 𝑟𝑧′�̂�

= [𝑟𝑥 cos𝜓 + 𝑟𝑧 sin𝜓]�̂� + 𝑟𝑦�̂� + [𝑟𝑧 cos𝜓 − 𝑟𝑥 sin𝜓]�̂� 
(74) 

which in spherical coordinates is 

 

�̂�′(𝜃′, 𝜙′) = sin 𝜃′ cos𝜙′ �̂� + sin 𝜃′ sin𝜙′ �̂� + cos 𝜃′ �̂�
= [sin 𝜃 cos𝜙 cos𝜓 + cos 𝜃 sin𝜓]�̂� + sin 𝜃 sin𝜙 �̂�
+ [cos 𝜃 cos𝜓 − sin 𝜃 cos𝜙 sin𝜓]�̂� 

(75) 

resulting in the set of equations 

 {

sin 𝜃′ cos𝜙′ = sin 𝜃 cos𝜙 cos𝜓 + cos 𝜃 sin𝜓

sin 𝜃 sin𝜙 = sin 𝜃′ sin𝜙′

cos 𝜃′ = cos 𝜃 cos𝜓 − sin 𝜃 cos𝜙 sin𝜓
 (76) 

to find (𝜃′, 𝜙′). 

Similarly, the field components can be found by translating the component from spherical 

into cartesian as 

 
�⃗⃗�(𝜃, 𝜙) = [𝐸𝜃 cos 𝜃 cos𝜙 − 𝐸𝜙 sin𝜙]�̂� + [𝐸𝜃 cos 𝜃 sin 𝜙 + 𝐸𝜙 cos𝜙]�̂�

+ [−𝐸𝜃 sin 𝜃]�̂� = 𝐸𝑥�̂� + 𝐸𝑦�̂� + 𝐸𝑧�̂� 
(77) 

resulting in 
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 {

𝐸𝑥′ = 𝐸𝑥 cos𝜓 + 𝐸𝑧 sin𝜓

𝐸𝑦′ = 𝐸𝑦
𝐸𝑧′ = 𝐸𝑧 cos𝜓 − 𝐸𝑥 sin𝜓

 (78) 

Finally, the rotated vector fields are translated back to spherical coordinates to get 

 {
𝐸𝜃
′ = 𝐸𝑥′ cos 𝜃′ cos𝜙′ + 𝐸𝑦′ cos 𝜃′ cos𝜙′ − 𝐸𝑧′ sin 𝜃

′

𝐸𝜙
′ = −𝐸𝑥′ sin𝜙′ + 𝐸𝑦′ cos 𝜙′

 (79) 
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