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Abstract 

Water is one of the most important elements of our ecosystem. The agricultural sector is the 

largest user of the total water resource in Australia. A 10% water saving in agriculture sector 

will save up to one-third of the total water use by all capital cities combined. Due to limited 

manpower and high cost, the most practical way to provide high resolution soil moisture data 

is using remote sensing. A number of techniques have been attempted for remote sensing of 

soil moisture, of which, microwave remote sensing has the best response. Remote sensing of 

soil moisture is possible using ground or airborne sensors using visible, thermal-infrared or 

active/passive microwave electromagnetic radiation.  Microwave sensing has some definite 

advantage over these other techniques with its all-weather capability and less interference. Both 

active and passive sensing techniques have been demonstrated in order to increase the 

resolution of soil moisture mapping but yield complex and expensive system. In passive 

sensing technique, radiometer antenna detects and measure from soil/ocean radiation and 

measures brightness temperature which works in L-band (1.4 GHz) spectrum with low 

resolution. In addition to passive L-band radiometer, active radar is now used to increase the 

data resolution. A compact shared aperture multifrequency radiometer can be the answer for 

the quest of cheap, lightweight and high-resolution soil moisture sensing. Along with L-band 

antenna, two other high frequency bands (Ku- (18.7 GHz) and Ka-bands (37 GHz)) can exploit 

their high frequency property for better resolution keeping the same penetration and sensing of 

original L-band. Higher frequency results in more power hence increasing resolution will share 

the same physical aperture as the lower L-band, and also will generate more data for better 

approximation. The primary object of this research is to build a fully planar radiometer antenna 

for airborne facility which will lead to spacecraft. A systematic approach is discussed in this 

thesis in the endeavour to build a system in a modular approach. The major challenges of this 
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study would be organization, design and integration of different module to work harmoniously. 

Many novel concepts and designs must be implemented to solve very stringent conditions 

required for the research. Mainly antenna design for the radiometer system is the scope of this 

thesis. Designing arrays of three different bands of antenna array sharing the same physical 

aperture is a huge task. To break down this, the task is divided into smaller tasks and discussed 

throughout the chapters of this thesis. Starting with single element antenna designing, this 

thesis discusses array synthesis, beamforming and multi-band structure. Successful completion 

of this research will open a new horizon to water management in agriculture system. A more 

detailed and accurate data can be estimated which will help conserve water in the agriculture 

sector. Also, this research can help designing antenna system working in different bands 

working with minimum coupling and interference for future reference. The main challenge of 

the antenna designing part has been the consideration to make the antenna smaller to fit in the 

aircraft or spacecraft requirement. Smaller size often leads to complex design and inter-element 

coupling which in this thesis have been analysed thoroughly.  
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1 Introduction 

 

1.1 Microwave sensing of soil moisture 

Water is the basis of all lives in the earth. About 71% of earth is water but 97% of them is not 

drinkable or usable for irrigation. Here comes the importance of water conservation. For 

agriculture, soil moisture is one of the deciding factors, so it is very important to maintain and 

monitor soil moisture in soil. The source of soil moisture can be understood by water or 

hydrologic cycle. The heat from the sun causes to evaporate water from water storage in the 

oceans. Evapotranspiration causes water to be evaporated through transpiration from trees and 

from soil. In the process of sublimation, precipitation water comes back in water storage in 

oceans and ground. In the form of rain, snow, hail etc. some precipitations infiltrate through 

land and becomes groundwater. Unsaturated ground water in the soil pores is called moisture. 

Soil moisture plays vital role in plant growth as it serves as nutrient element for plants, regulates 

soil temperature overall most important element for photosynthesis. It is a variable parameter 

for runoff and infiltration [1] [2]. Energy fluxes are also a function of soil moisture that plays 

vital role in energy cycle [3] [4]. Moreover, climate change and forecasting can be improved if 

a data set of previous soil moisture is measured for a specific region [5]. Not all part of soil is 

same in different regions. The deciding factor of a region’s ecosystem is mainly how much 

water that system has. Depending on the soil; habitat, food, lifecycle of animals and plants vary. 

Agriculture is totally dependent on the soil type, sunlight and temperature of a certain region. 

If soil moisture of a land can be monitored and maintained, it would significantly change the 

current cultivation schemes.  

Remote sensing of soil moisture is possible using ground or airborne sensors using visible, 

thermal-infrared or active/passive microwave electromagnetic radiation. Among these 
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techniques microwave serves the best. Soil moisture remote sensing using microwave approach 

[6, 7] has been investigated for several decades. Detection is possible in almost all-weather 

conditions for microwave remote sensing. It is a definite advantage which is not possible using 

visible or infrared remote sensing. The sun is the primary source of electromagnetic radiation. 

The earth receives, transmits and absorbs to maintain thermal equilibrium. Transmission of 

electromagnetic (EM) radiation is different from different parts of earth depending on the 

dielectric constant of the radiating surface. Dry and moist soils have different dielectric 

constants [8] which results different radiation pattern. The real part of the dielectric constants 

of water is 80.4 and dry soil is about 3.5 which yields the dielectric constant of wet soil about 

40 [9] at 50% humidity. Microwave remote sensors can be classified in two types: active and 

passive. Active means the back-scattering from the earth surface which is reflected from 

transmitted microwave from some active source. Passive sensors receive emission from soil 

and calculate radiation from emissivity and brightness temperature. Both emissivity and 

brightness temperatures are function of dielectric properties, surface roughness, physical 

temperature of soil and frequency, angle of observation and polarization etc. of measurement 

[10]. Microwave radiometer is an example of passive sensors that measures the radiation from 

a body in the microwave range (300MHz-300GHz) [11].  

1.2 Different frequency bands for the soil moisture radiometer 

The frequency bands that are currently being used for radiometer are P(0.3-0.4GHz)-, L(1-

2GHz)-, C(4-8GHz)-, X(8-12GHz)-, Ku(12-18GHz)-, Ka(26.5-40GHz)- and W(75-110GHz)-

bands. As the frequency increases, the penetration into soil property deteriorates but accuracy 

increases because of higher associated power. Among these bands L-band is the optimal choice 

because of its less sensitivity from soil roughness, vegetation and atmospheric condition. 

Natural properties of this frequency such as deep penetration capability and less prone to radio 

frequency interference make it most used frequency band for soil moisture sensing. Though P-
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band has more penetrability in soil, it suffers more from spatial resolution and radio frequency 

interference. Since the size of antenna will be larger for small frequency, it becomes big and 

bulky for airborne facility. On the other hand, as frequency increases, penetration capability 

decreases which makes the C-, X-, Ka-, Ku- etc. bands poor candidates. With higher frequency 

of operation, accuracy increases due to more power, but less sensing properties of these bands 

make it impossible to measure soil moisture correctly. Now, L-band radiometer requirements 

for high spatial resolution result in a very large, bulky and heavy sensor. Contrary to this, 

radiometer design in the Ku- and Ka-bands can provide the high-resolution imaging of scanned 

plane with a much lighter, smaller and compact antenna size compared to that for L-band. Thus, 

if these microwave bands can be combined to a single radiation aperture, and can be made 

planar and conformal, it will bring significant advancement in the field that will allow the 

technology to be demonstrated from a small inexpensive platform such as that of a small 

airborne [12]. Therefore, the antenna configuration must be a light weight and planar, 

conformal phased array. 

1.3 Advantages of microwave sensing to measure soil moisture 

 Microwave energy can penetrate clouds and rains and can be an all-weather remote 

sensing unit. This is one of the main advantages of using microwave sensing. Microwave 

sensing is not dependent on weather and can work in adverse weather conditions.  

 Synoptic view of large area is possible. It is possible to monitor data of a large area. 

Depending on the altitude of the radiometer, it is possible to have a wide swath for the 

radiometer. For active and passive system, the resolution can be different as the active system 

suffers more from scattering and other losses.  
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The coverage can be obtained at interval specified by the user and system requirement. Space 

satellite held radiometers generally have 3-4 days of interval for mapping. It depends on the 

trade-off between spatial and temporal resolution. 

 Microwave wavelengths are outside the visible and infrared regions of the 

electromagnetic spectrum, providing information on moisture content, soil roughness, 

dielectric properties. 

 Higher resolution data can be obtained by using higher frequency radiometer, though 

the sensitivity can be sacrificed. SMAP (Soil Moisture Active Passive) satellite has one active 

L-band radar system which is active microwave sensing and one passive L-band radiometer 

system which is passive. For the active system the resolution is as big as a 1 km by 1 km grid 

whereas the passive system resolution is around 40 km by 40 km grid. This grid or footprint 

depends on the beamwidth of the antenna, the height of the radiometer and the operating band 

or frequency. For higher frequency radiometers such as Ku- or Ka-bands the resolution for the 

passive system can be as small as a 1 km by 1 km or even less area grid.  

 By using dual polarized antenna, different polarization data can be obtained which can 

be used to calculate the Stokes parameter leading to the calculation of brightness temperature 

which has a direct relationship with soil moisture and emissivity. There are many different 

algorithms of soil moisture retrieval, but the most advanced methods require to solve four 

Stoke’s parameter. Radiometer antenna can provide two polarizations to solve for the four 

parameters.  

 Microwave sensing can produce overlapping images and interferometric operation 

using multiple antennas for 3-D mapping. 
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1.4 Research incentive  

The goal of this thesis is to develop an antenna system for a soil moisture radiometer antenna 

system. Soil moisture, being one of the key elements in nature, is a primary state variable of 

the water cycle over land and hydrology. In many earth and science models, soil moisture is a 

boundary condition making soil moisture a very significant parameter. Moreover, the soil 

moisture distribution data are required to various applications such as weather forecast, skilful 

modelling of climate variability and change, water management [13-15], agricultural 

productivity modelling [16-20], flood area prediction [21], drought prediction and so on. Thus, 

soil moisture data has impact on the ecology and relationship of human and ecosystem. The 

simplest way to monitor the soil moisture variation is to establish a network for soil moisture 

measurement data. This method is however very expensive and require huge human power and 

resources. Different remote sensing techniques such as using visible, thermal infrared, active 

and passive microwave are used to measure and map soil moisture to some extent. All these 

sensing methods are based on the change in soil moisture content and their respective 

electromagnetic radiation [22, 23]. Visible/infrared observation techniques have been reported 

in few experiments [24-27], but they suffer from a narrow beam width, hence the coverage 

footprint is too narrow to satisfy the temporal and spatial coverage requirements, which are 

around 3 days and global coverage. The approximate spatial and temporal coverage frequency 

is around 1 km and 2 hours respectively. For microwave sensing, the temporal and spatial 

coverage can be meet but microwave spectrum is huge and not every band has the same 

sensitivity over the soil moisture variation. Also, depending on active or passive sensing, the 

sensitivity to soil surface roughness and vegetation scattering of soil moisture can be different 

in radar (active sensing) than radiometers (passive sensing). Generally, in active sensing or 

using radar, results in less certainty of the soil moisture retrievals [28, 29]. L-band radiometer 

is considered to be the most promising above all other bands due to its penetration through 
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cloud, less sensitivity to the surface roughness and direct relationship with soil moisture 

through the soil dielectric constant [30-33]. In the microwave spectrum, though L-band 

radiometers are the most sensitive to moisture variation but other radiometers such as operating 

at C-band (i.e. Wind-Sat ,AMSR-E, AMSR2), or X-band (i.e. TRMM-TMI) are also sensitive 

to soil moisture though the soil layer is significantly affected in these bands by the attenuation 

from the land vegetation canopy and earth scattering by the atmosphere [34, 35]. At these 

higher frequencies (C- and X-bands) the penetration depth in the vegetation in soil is typically 

~1 cm [36]. At higher frequencies, microwave radiometers can be limited to areas where the 

water content of vegetation is less than 1.5 kg/m2 [37].  

After launching the SkyLab mission in the 1970s, the most recent space missions to map soil 

moisture data are Soil Moisture and Ocean Salinity (SMOS) led by European Space Agency 

(ESA), and Soil Moisture Active and Passive (SMAP) mission developed by NASA. There are 

other space missions carrying radiometers, but these two missions are dedicated to soil 

moisture monitoring. In the SMOS, a passive radiometer operating at L-band is used to measure 

the natural emission of the earth to map soil moisture. In the SMAP, along with an L-band 

passive radiometer, an active L-band radar is also used. The L-band active radar improves the 

resolution of the measurement. For the passive L-band radiometer the footprint of the satellite 

is 40 km by 40 km whereas the active L-band radar has a significantly smaller footprint of 1 

km by 1 km. In order to use the soil moisture data to successfully model and plan agriculture 

as well as weather forecast, flood/drought prediction, the footprint should be smaller than the 

passive radiometer footprint. There are currently two techniques that are being used to 

downscale this footprint. The first one is using the active radar, but the active radar is expensive 

and using the same L-band antenna to feed the radar and radiometer takes complex and 

expensive designing and the results are inaccurate. The other option is to use higher frequencies 

along with the L-band to get higher resolution data or in other words downscaling the footprint. 



Chapter 1: Introduction  7 

The problem is using different bands require designing different antennas and separate 

radiometer systems in a limited physical aperture as space is crucial and must be minimized in 

satellites or aircrafts. Here comes the motivation of this thesis, if it is possible to incorporate 

multiple higher frequency bands in the same aperture as the L-band radiometer and the system 

remains fully passive, there will be less impact of the surface roughness and higher resolution 

will be still achievable.  

This research will focus on the development on a radiometer system for soil moisture 

measurement. Antenna development part which is the heart of the radiometer system is studied 

in this research. Starting from the L-band, two other bands (Ku- and Ka- bands) are chosen to 

be fitted in the same shared aperture with L-band antenna. Starting from a single element 

antenna, array synthesis, beam shaping and multiband operation are the scopes of this research 

which are discussed in the next chapters. 

1.5 Impact of the research 

Soil moisture is an important parameter to monitor rainfall infiltration and runoff [38], 

evapotranspiration, soil micro-organism activities [39] and so on. The radiometer antenna will 

make the soil moisture mapping and monitoring cheaper and accurate. It will also bring about 

many benefits in the field of – 

1. Agriculture water management – Monitoring soil moisture can help controlling the 

irrigation in the agriculture sector. It is possible to design the automated sprinklers so 

that it checks the data for current moisture content of the soil and find the requirement 

before watering the field [40-43]. The long-term prediction of the soil moisture from 

history data can assist farmers to decide the suitable time and crop to plant, and suitable 

irrigation to provide. 
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2. Weather forecasting and monitoring – Weather forecasting and monitoring requires 

accurate modelling of the water cycle, energy balance and carbon exchange and soil 

moisture being one of the boundary parameters of these models, plays huge role [44-

46]. Forecasting, including short-term prediction [47], long-term water cycle trends 

[48], carbon cycle [49], climate variability [50] will be improved if the moisture 

measurement can be accurate. 

3. Natural calamities forecasting – The prediction of natural calamities such as flood, 

drought [51], landslides can be approximated better with the help of soil moisture data. 

Also, better documentation of soil quality, erosion [40, 52] is possible which play role 

in these extreme events.  

4. Other impacts such as in the defence sector to help with the foggy condition or dust 

presence or in health sector to predict few virus spreading in wet or dry soil are also 

few applications of this research. 

 

1.6 Thesis objectives 

The main objective of this thesis is to build the antenna system for the soil moisture radiometer. 

The antenna system is a gigantic project and only the multiband antenna development has been 

the scope of this thesis. The design is started from a single element antenna and array synthesis, 

beam shaping algorithm, multiband techniques are applied on that. The main objective is 

divided into smaller objectives and discussed in the following: 

1.6.1 Element antenna designing with the most suitable feeding 

Antennas in L- (1.4 GHz), Ku- (18.7 GHz) and Ka-(37 GHz) bands are going to be used in the 

shared aperture radiometer antenna as the literature discussed in chapter 2. In past experiments 

and missions different feeding techniques have been applied to feed the antenna. In this thesis, 

before designing the array multiband antenna, single antenna working in a single frequency is 
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discussed. Different feeding techniques and their advantage, complications are analysed from 

literature and a suitable feeding technique is applied to design a single element radiometer 

antenna. The radiometer antennas need to have two orthogonal polarizations to obtain data 

from two independent polarizations. Also, it is important that these two polarizations are 

isolated from each other so that radiation from one polarization does not affect polarization 

from another. After designing and analysing single polarized antenna, a dual-polarized antenna 

for each frequency is designed, fabricated and measure before moving on to array synthesis.  

1.6.2 Array synthesis for better gain 

For the radiometer to be fully planar, it is important to design the antenna fully planar and the 

best choice for this is microstrip patch antenna. Aperture-coupled feeding is chosen for the 

element antenna but for a single element the gain is very low. To enhance the gain of the 

antenna, array structure is necessary. Also, the antenna beam for a single element is very wide, 

which needs to be narrowed down in order to obtain higher spatial frequency. Hence 8 by 8 

element array antenna is synthesized for all three frequency bands. The feed network designing 

is very challenging as the frequency increases, the size of the patch and all other dimensions 

decrease.  

It is important to plan the design so that the antenna gain is about 25 dBi to be able to sense 

moisture content from a high altitude. If a single element exhibits 7 dBi gain by its own, then 

8 × 8 or 26 element should have ideally 7 + 6 × 3 = 25 dBi gain which does not have the 

coupling or matching losses associated with the elements. In this case, as the gain is already 

7.7 dBi, it is practical to assume, after designing 8 × 8 array configuration, subtracting all losses, 

the antenna will radiate more than 25 dBi which is the goal. 

1.6.3 Beam shaping to shape the main-lobe of the array 

Beam shaping is the technique to shape the main-lobe of an antenna array by tuning the 

excitation received by the antenna elements. For designing the radiometer, the antenna beam 



Chapter 1: Introduction  10 

pattern should have most of its power in the main-lobe and suppressed side-lobes. The side-

lobes must be suppressed because radiation from other direction should not have similar power 

level as radiation from the desired direction or main-lobe. To suppress the side lobe there are 

many algorithms that can be adopted such as the Gaussian distribution, Taylor’s distribution, 

Staircase power distribution, Chebyshev’s method. Implementing these methods can be 

challenging as well as expensive to fabricate as the larger power ratio between the centre and 

corner elements the thinner the feed lines become. A detailed analysis on different technique 

must be discussed before implementing. Rigorous simulation and optimization is also required 

before fabrication and measurement. 

1.6.4 Multi-band antenna array in the same antenna aperture 

The multiband soil moisture radiometer will have multiple frequency bands in the same 

physical aperture. Designing an array antenna for multiple bands require a greater number of 

substrate layers for feed lines. Also, in aperture coupled structure, the slots in the ground plane 

need to be exactly in line with the feed lines and patches, but more than one frequency band is 

present. If the feed lines of one band passes over or under the slots of another band, it will 

affect the radiation pattern. The feed lines should be designed in such a way that they do not 

overlap and do not affect the radiation pattern, gain or add to mutual coupling.  

1.6.5 Measurement of soil moisture using developed antenna 

An experimental set up will be established to measure the soil moisture variation using 

spectrum analyser. The reason for this is to prove the antenna performance and validity of the 

design as well as get an overview of how these antennas are going to perform in the field. The 

sensitivity of these antennas depends on the frequency and surrounding environment, soil type 

and so on but for the sake of simplicity it is enough to show if other parameters are constant 

then only then change in the moisture content should change the emission and hence the 

received power to the spectrum analyser.  
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1.7 Original contributions 

After the successful completion of this research work the following original contributions are 

expected to be achieved: 

• A shared aperture dual polarized antenna element that can receive both vertical (EV) 

and horizontal (EH) polarized signals working in Ku- and Ka-bands.  

• A single antenna array with low profile, low-cost, and high gain capability for L-, Ku- 

and Ka-band radiometers. Their excitation mechanism (feeding techniques), matching, 

and finally, optimized mutual coupling and suppression of higher order harmonics. 

• A Ku- and Ka- multi-layered structure to provide the same physical aperture ready to 

be fitted in a smaller drone or aircraft system as soon as the receiver module is ready to 

process data from the antenna. This Ku- and Ka- multi-layer structure can augment the 

data from the L-band array which is designed in this thesis for an inexpensive planar 

system and also readily available in commercial radiometers. 

• Beam shaping network and fixed beam shape design for this multi-frequency antennas 

to keep the antenna system simpler. Most suitable beam shaping technique will be 

applied to achieve the system requirements. 

1.8 Thesis outline 

This thesis has 8 chapters. Each chapter is dedicated to a part of the radiometer antenna 

development. A brief description of the chapters in this thesis is outlined below- 

Chapter 1: Introduction 

A brief introduction of microwave remote sensing, advantages of remote sensing for soil 

moisture measurement is discussed. Then the incentive of the research followed by impact of 

the research is then described. Thesis objectives along with original contributions are finally 

proposed. 
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Chapter 2: Literature Review 

Starting with review of microwave remote sensing, this chapter discusses soil moisture 

measurement related space missions their critical analysis and radiometer structures. Then 

review of linear and dual-polarized antenna, array synthesis, beam shaping algorithm and 

multi-band structure of antenna are discussed one by one. Soil moisture retrieval method where 

dielectric property of soil, soil roughness effect and algorithm to measure soil moisture is 

discussed next. Finally, an analysis, research gap, research motivation and research aims are 

discussed before the conclusions.  

Chapter 3: Linear Polarized Antenna 

After a brief overview and theory of radiation, L-, Ku- and Ka-band antenna are designed for 

linear polarization. An element antenna of these three frequencies are designed, before 

fabrication and only Ku-band antenna is measured. A brief discussion of challenges of 

choosing the feeding method and result analysis and discrepancies are discussed. Effects of 

changing different parameters while designing the single element antenna is then documented 

and a generic flow chart is developed for designing antennas in this frequency range (from L-

band to Ka- band and more).  

Chapter 4: Dual Polarized Antenna 

Similar to the linear polarized antenna, design of a single element for L-, Ku- and Ka-band 

antenna is performed for dual polarizations. Isolation, gain and radiation pattern were 

considered for the design process in all three bands. Measurement was carried out for Ku-band 

element and results were compared with the simulations. Again, effect of changing different 

parameters and a flow chart for designing dual-polarized antenna in this frequency range is 

developed before the conclusions. 

Chapter 5: Array Antenna Design 
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In this chapter, starting with the theory of array factor, this chapter is dedicated to array antenna 

design. Starting with 2 × 2 array for L-, Ku- and Ka-bands, this chapter continues the design 

of 4 × 4 and finally 8 × 8 array for all three bands. After designing, 2 × 2 L-band, and 8 × 8 

Ku- and Ka-band array antenna is fabricated and then measured before further analysis. This 

chapter also describes the effect of back-reflector to suppress the back-lobe radiation. 

Chapter 6: Array Analysis 

In this chapter, after a brief overview and theory different beam shaping methods such as 

uniform, Gaussian, Taylor’s, staircase power, Chebyshev’s distributions are discussed. A 

complete analysis of different parameters such as beam efficiency, 3 dB beamwidth and 

maximum side-lobe level for these distributions are compared and analysed. The staircase 

power distribution is then chosen to apply on the 8 × 8 Ku- and Ka-band antenna. After 

fabrication, results are compared with the simulation and discrepancies are discussed before 

conclusion. 

Chapter 7: Multiband Antenna 

Completing the array antenna and beam shaping algorithm in the chapter 5 and 6, Ku- and Ka-

bands are designed in the same shared aperture in this chapter. Starting with one Ku- with 2 × 

2 Ka-band structure, step-by-step design is performed to obtain 8 × 8 Ku- with 8 × 8 Ka-band. 

The feeding technique is the aperture-coupled design but due to the multiband structure, the 

number of feed layers is increased. The new feed layers being further from the ground require 

power divider network different than that discussed in the array synthesis chapter. 

Measurement result is provided along with the simulation result before a brief conclusion. 

Chapter 8: Conclusions and Future Work 
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The final chapter of this thesis is the conclusions and future work discussion. A brief overview 

of the motivation of this work followed by the fulfilment of the goal of this thesis, contribution 

and future work is discussed. 
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2 Literature Review 

 

2.1 Overview 

In Chapter 1, a brief introduction about the soil moisture is provided along with microwave 

sensing and antenna system to sense the natural emission from the earth. This chapter presents 

an in-depth analysis on the shared aperture smart antenna to accommodate multiple frequencies 

in the same physical aperture. A comprehensive review on soil moisture measurement 

technique using microwave approach is then discussed. It also caters for a detailed study on the 

basics of microwave sensing followed by soil moisture retrieval algorithm and finally the 

motivation and research scopes of this study.  

At first, a basic structure along with different feeding techniques of microstrip patch antenna 

is discussed in detail.  Few novel designs of the microstrip patch antennas are discussed next. 

Array synthesis, beam shaping algorithms, and multifrequency operations are discussed next. 

After the antenna part, soil moisture retrieval related topics such as soil dielectric properties, 

soil roughness, stokes parameter to retrieve the soil moisture is discussed. Finally, research 

aims, and scope of this research is discussed. 

It is important to establish that the focus of this thesis is to explore more on the antenna design 

parts than soil moisture measuring technique. 

2.2 Review of antenna system for Radiometer 

2.2.1 Microwave remote sensing overview 

Remote sensing is the technique to acquire information from distance without physically 

touching. Among other remote sensing techniques such as using visible light or infrared lights, 

microwave remote sensing is the most effective and of more recent interest. Microwave remote 

sensing technique uses reflected or emitted energy having wavelengths ranges from about one 
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millimetre to a few tens of centimetres. It can identify, sense and measure the target of interest 

at all weather conditions. For example, low frequency microwaves have longer wavelengths 

that can penetrate clouds most of the time [53]. They can also penetrate through rain to some 

extent [54]. Microwave radiation can even penetrate ground and vegetation [55]. It can provide 

information about wind over the sea surface which can be extracted from the sea surface 

radiation, backscattering, polarization [56, 57]  

Depending on the target’s dielectric constant, the amount of radiation varies a lot. For example, 

the dielectric constant of dry soil is 3.5 whereas wet, saturated soil is approximately 40 [58], 

and water is 80. This difference in dielectric constant for different moisture content is the basis 

of this study. The soil dielectric constant increases with soil water content, with the exact 

relationship dictated by the soil particle distribution [58]. Based on the sources of radiation, 

microwave sensing can be categorized into two categories, active and passive.  

The active remote sensing sensor emits microwave radiation towards the target of interest, and 

detects the radiation scattered back from the target. The most popular active microwave sensing 

configuration is the Synthetic Aperture Radar (SAR). The SAR can provide from tens of meters 

to over a swath of 50 to 500 km of spatial resolution. Among many other applications in various 

microwave sensing, five space-borne SAR systems are available for soil moisture observations. 

They are ESA’s ERS-1/2 C-band SAR, ESA’s ENVISAT (ERS-3) C-band ASAR (Advanced 

SAR), the Canadian C-band RADARSAR-1/2, the Japanese L-band ALOS (Advance Land 

Observing Satellite) PALSAR (Phased Array type L-band SAR), and the German X-band 

TerraSAR. The radars can be polarised either horizontally (H) or vertically (V), and therefore 

depending on which polarisation to send and to receive, there can be up to four polarisation 

combinations horizontal-horizontal (HH), vertical-vertical (VV), horizontal-vertical (HV) and 

vertical-horizontal (VH). 
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The passive remote sensing sensor doesn't use an illumination source but uses the thermal 

motion of atoms, any objects at a physical temperature above absolute zero (~-273 Cº or 0 K). 

A radiometer is used to measure this radiation. To elaborate the relationship between physical 

temperature and microwave emission, the black-body concept can be used. The black body 

radiation was introduced by Planck in his quantum theory in 1901. A black-body is a 

hypothetical ideal material that absorbs all radiation and reflects none. Therefore, for a black-

body in thermodynamic equilibrium, it emits all absorbed energy outward. It is possible to 

quantify the intensity of electromagnetic emission using the term brightness temperature. The 

brightness temperature is defined as the physical temperature of a black-body emitting the same 

amount of energy. Similar to the black-body, a hypothetical white-body is a perfect reflector 

that reflects all energy and therefore absorbs none. Most of the practical life objects are grey 

body which is a mixture of black-body and white-body objects, when thermodynamic 

equilibrium is reached. Using the emissivity (ep) to describe the ability of materials to emit 

electromagnetic energy, the brightness temperature (TBp) of the material is expressed as 

𝑇𝐵𝑝 = 𝑒𝑝. 𝑇 

where T is the physical temperature of the material in Kelvin, and the subscript ‘p’ is for the 

polarisation, which can be either horizontal or vertical. This equation is achieved from the 

Planck’s black-body radiation law using the Rayleigh-Jeans approximation for microwave 

frequencies [55, 59]. For soil, the emissivity varies from around 0.95 for dry soil (with moisture 

content of 0.05 m3 /m3 ) to around 0.6 for saturated wet soil (with moisture content of 0.4 m3 

/m3 ), depending on electromagnetic wavelength, surface roughness, incidence angle, and soil 

properties [59, 60]. If the soil temperature can be considered as 300 K, then a change from dry 

soil to wet soil is seen as 90 K difference because of different brightness temperature [59], 

whereas actual difference in temperature is very small (approximately 1 K). 
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2.2.2 Radiometer antennas and satellite missions 

Theoretically any antenna can be considered as a radiometer antenna but in practice, they differ 

depending on the application. In most of the cases, the sensitivity of the antenna or the 

brightness temperature is in the order of the noise of the receiving system, meaning the antenna 

system must have minimum transmission loss. As most of the applications in the microwave 

radiometry is basically imaging, the element antenna is usually part of a scanning mechanism 

generally but not limited to either mechanic, electronic, or a hybrid of both. Many aircraft 

missions have been carried out before launching satellites into the space. Radiometers working 

in different bands such as X-, Ku-, Ka-, C- bands [61-64] are used along with L-band or 

independently to compare and justify the choice of frequency for the radiometer. 

 

SMOS: The first space mission dedicated to soil moisture was launched on November 2nd 

2009 after 36 years of the first attempt to retrieve soil moisture from space (Skylab L-band 

 

Figure 2. 1 SMOS MIRAS antenna load testing in ESA-ESTEC lab. Image credit: ESA 
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radiometer experiment in 1973, referred to as S-194) by the European Space Agency (ESA). 

The Soil Moisture and Ocean Salinity (SMOS) mission, led by the ESA in collaboration with 

the Centre National d’Etudes Spatiales (CNES) in France and the Centro para el Desarrollo 

Tecnologico Industrial (CDTI) in Spain, using a 2-D interferometric radiometer operating at 

L-band (1.413 GHz; Microwave Imaging Radiometer using Aperture Synthesis: MIRAS, 

shown in Figure 2. 1) [65] is designed to measure near surface (top 5 cm) soil moisture and 

ocean salinity. MIRAS, the only payload of the SMOS is a novel two-dimensional synthetic 

aperture radiometer with dual-/full-polarimetric imaging capabilities. This unique design 

makes brightness temperature observation possible within the SMOS field-of-view at different 

incidence angles. MIRAS is a Y-shaped aperture synthesis radiometer, operated in a protected 

band for radio-astronomical observations at a centre frequency of 1.413 GHz using a bandwidth 

of about 20 MHz. The single-element antenna is a dual-polarized aperture-coupled microstrip 

patch antenna. The diameter is 165 mm with an integrated feed network. Part of the L-band is 

in a protected frequency spectrum, also it provides sufficient sensitivity for both soil moisture 

and ocean salinity. The configuration of the SMOS MIRAS has sparse array consists of 69 

receiver elements. Among them, 18 elements are in equidistance of 0.875𝜆 on each arm of the 

Y, which makes 54 elements on the arms. The rest 15 elements are located in the hub and each 

arm length is 4.5 m. The maximum distance between two corner antenna elements is about 7.8 

m, thus the boresight angular resolution, depending on the weighting function used for the 

sampled spatial frequency spectrum is in the order of just under 2 degrees. The useful swath 

on the ground is about 1,050 km for a satellite altitude of 758 km. temperature resolution is in 

the order of about 2 - 4 K. The main disadvantage of this mission is the radio frequency 

interference (RFI) produced by human seen from the space affecting the natural emission. 
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SMAP: The National Aeronautics and Space Administration (NASA) Soil Moisture Active 

Passive (SMAP) observatory, launched in January 2015, is designed to provide global mapping 

of high-resolution soil moisture and freeze-thaw state. This mission provides a unique remote 

sensing technique to measure soil moisture with advanced accuracy, resolution, and coverage 

[66] . The SMAP mission uses both active (using a radar) and passive (using a radiometer) 

microwave sensing to map soil moisture. The SMAP payload consists of a radar and a 

radiometer operating at L-band frequencies and is supposed to provide data in every two to 

three days [67]. For the antenna system in the SMAP architecture, a 6-m conically-scanning 

reflector antenna and a common L-band feed are shared by both the radar and radiometer. The 

reflector antenna can be set to produce a conically scanning antenna beam with an 

approximately 40-km, 3-dB footprint at the surface at as earth incidence angle of approximately 

40º. The feed assembly employs an orthomode, single-horn transducer, with vertical (V) and 

horizontal (H) polarizations that are aligned with the Earth’s surface polarization basis for both 

the radiometer and the radar. The artist’s view on the SMAP satellite is shown in Figure 2. 2. 

 

Figure 2. 2 Artist's rendering of the SMAP instrument. Image credit: NASA/JPL-Caltech 
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The radiometer uses 24 MHz of bandwidth centred at 1.4135 GHz. The radar and radiometer 

signals are separated by frequency diplexers and sent to the appropriate circuit for detection 

[68]. The spatial resolution of 1 to 10 km is required in hydrological modelling. The radiometer 

offers a resolution of 40 km which can be augmented by higher resolution radar system. The 

disadvantage of using a solo radar system is that they are significantly affected by the 

vegetation coverage and surface roughness. It was expected that by combining SMAP radar 

and radiometer data, accurate soil moisture with a high spatial resolution can be obtained but 

after the launch the radar failed irreparably and only the radiometer is functioning. The RFI 

mitigating filter is installed and functions properly offering filtered data without man-made 

RFI noise. 

 

ESTAR: The Electronically Scanned Thinned Array Radiometer for Remote Sensing 

Measurement of Soil Moisture and Ocean Salinity.  It is an L band radiometer operating at a 

wavelength of 21 cm with a capability of providing the equivalent of up to 7 beam position 

within its +/-45 degree field of view. This system was installed on the NASA C-130 aircraft 

operated by the NASA Ames Flight Center many times [69]. Similar to the SMOS, aperture 

synthesis – a concept to achieve high-resolution measurements, an interferometric technique is 

used in the ESTAR. The complex correlation of the output voltage from pairs of antennas is 

measured at many different baselines [70], which offers a practical way of putting such 

structures in space. Apart from the MIRAS system used in the SMOS, another example is the 

very large array [71] which uses a "Y" configuration of elements to achieve the resolution of a 

filled array whose diameter is equal to that of the circle that encloses the “Y”.  

For an airborne L-band prototype the system uses five "stick" antennas, each consisting of a 

linear array of eight dipoles, developed at the University of Massachusetts and NASA/Goddard 

Space Flight Center, and flown several times on a NASA P-3 aircraft. The sticks provide 
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resolution in the direction of aircraft motion, and resolution across track is obtained 

"synthetically" from the correlated output of pairs of sticks [72]. For satellite, the antennas are 

designed as slotted waveguides. The primary frequency is 1.4 GHz, which requires slotted 

waveguide antennas 9.4 meters in length. Additional thinned array radiometers operating at 

2.65 GHz and 5.0 GHz is nested within the L-band array in order to provide secondary channels 

to augment data to mitigate effects due to the vegetation canopy [72]. Above water the L- and 

S-band channels together provide an estimate of ocean salinity and temperature [73, 74] . L-

band with the C-band channel provides information such as ocean-surface windspeed. The S- 

and C-band are of higher frequency hence the sizes of these antennas are smaller than the L-

band. 

 

Aquarius: Aquarius is the first NASA satellite to observe the sea surface salinity (SSS) over 

the global ocean. This mission successfully collected data from 25 August 2011 to 7 June 2015. 

The Aquarius is a combination radiometer and scatterometer (radar) operating at combined 

passive/active L-band (1.413 GHz for the radiometer and 1.26 GHz for the scatterometer). The 

primary objective of the Aquarius is to provide global [67] observations of surface sea salinity 

once every 7 days. However, Aquarius has also potential [68] capabilities to monitor soil 

moisture at global scales [75, 76]. The antenna of this satellite is a 2.5-m offset parabolic 

reflector with three feed horns. The three beams are arranged roughly 90 degrees with respect 

to the spacecraft heading at incidence angles 25.8, 33.8 and 40.3 degrees with respect to the 

satellite nadir. Similar to the SMAP, each feed is shared by both the radiometer and 

scatterometer. Each feed has a dedicated radiometer but, there is only one scatterometer that 

switches among the three feeds. The resolution of the three beams provide coverage of a swath 

of about 390 km. The radiometers are Dicke radiometers with noise injection for internal 

calibration [77]. The radiometer switching sequence between antenna, Dicke load, and noise 
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diode has been optimized to maximize antenna observations. The radiometers measure power 

at both polarizations and also the sum and difference of the fields (voltages) at the two 

polarizations from which the third Stoke's parameter can be obtained [78]. 

 

2.2.3 Critical analysis on space mission and radiometer system 

The satellite missions over the decades set the standard for the antenna system. The antenna 

system can be active or passive (SMOS, ESTAR) or both active and passive (SMAP, 

Aquarius). The active system resembles a radar system, whereas the passive system is what 

radiometer resembles. The advantage of only passive system is the simplicity and less back 

scattering of the radiation as there is no incident radiation. The disadvantage of the passive 

system is the advantage of the active system, which is the resolution. Where the passive system 

generates a footprint of 40 km, an active system can generate around 1 km (SMAP footprints). 

The other way to achieve higher resolution with passive system is to incorporate multiple 

frequencies, such as in the Aquarius mission. The choice of other frequencies must be higher 

than the L-band to offer higher resolution. For the antenna system designing, the element 

antenna must be of dual polarizations to offer vertical and horizontal polarizations. Data from 

both polarizations are important to find Stokes’ parameters to measure the brightness 

temperature. The gain of the antenna array must be very high (at least 25 dBi) which is possible 

by designing array antenna. The choice of antenna structure depends on the feeding structure 

of an element antenna; hence it is important to choose the right feeding technique of a single 

element antenna. For the SMOS mission, the choice of antenna is dual polarized aperture 

coupled microstrip patch antenna, whereas in the SMAP, the choice was horn antenna. For the 

ESTAR the antenna was dipole for the aircraft and slotted waveguide for the spacecraft and for 

the Aquarius, the antenna was reflector antenna.  
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2.3 Antenna Design 

In today’s modern communication industry, antennas are the most important components 

required to create a communication link. Microstrip antennas are the most suited for aerospace 

and mobile applications because of their low profile, light weight and low power handling 

capacity. They can be designed in a variety of shapes in order to obtain enhanced gain and 

bandwidth, dual band and circular polarization to even ultra-wideband operation. Microstrip 

antennas are attractive due to their light weight, conformability and low cost [79]. These 

antennas can be integrated with printed strip-line feed networks and active devices. The 

radiation properties of micro strip structures have been known since the mid 1950’s [79]. The 

application of this type of antennas started in early 1970's when conformal antennas were 

required for missiles. Rectangular and circular micro strip resonant patches have been used 

extensively in a variety of array configurations. 

 

2.3.1 Linear and dual polarized antenna 

A detailed study of few selected linear and dual polarized antennas are discussed in the 

following. The choice of antennas discussed are based on the antennas used in the radiometers 

in the space missions discussed in the previous section and are good candidates for a potential 

multiband radiometer system. 

Monopole Antenna: Generally, monopole antennas have a simple design, low-cost fabrication 

and low gain. They can be of wider bandwidth and can be designed for different frequencies 

covering L-, Ku- and Ka-bands [80-83] which are the concern of this research. Linear polarized 

coplanar waveguide (CPW) fed with trapezoidal ground planes with circular disc antennas are 

proposed in [84, 85]. The problem with these designs is their negative gain in most of the 

spectrum and beam not fixed in all frequencies. Similar designs with elliptical and arrow-like 

disks with CPW lines are discussed in [86] and [87]. Transfiguration of the monopole antenna 
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is proposed in [88] where more focus is given on increasing the bandwidth. A printed monopole 

antenna with reconfigurable polarization designed for WLAN applications is proposed in [89]. 

Monopole antenna with slots of different shapes (such as L- and U-shape) for WLAN/WiMAX 

application is discussed in [90]. Three planar monopole antennas (different shapes such as 

circular, triangular, strip loaded) are presented in [91].  All these monopole configurations have 

a very low gain. Other configurations such as planar polygonal monopoles in [92], circular ring 

monopole in [93], broadband monopole array in [94] also have a very low gain. Summarising 

these findings infers that monopole antennas generally have wider bandwidth and almost 

omnidirectional radiation pattern but very low gain. Therefore, monopole antennas are not a 

suitable option to be used in the radiometer antenna.  

Dipole Antenna: Linear polarized printed dipole antenna with wideband and integrated balun 

feed is optimized to widen the bandwidth at L-band in [95]. Dual-band dipole antenna for 

WLAN purpose is discussed in [96, 97] and many other types of research. These both works 

lack the gain which is less than 2 dB in all cases. A novel Yagi-like printed dipole array antenna 

fed by a microstrip-to-coplanar strip transition and truncated microstrip ground plane as its 

reflecting element operating in X-band (at 12 GHz) is proposed in [98] which has a very 

complex design to implement in a range of different frequencies. Similarly, a planar microstrip-

fed quasi-Yagi antenna with fair front to back ratio and bandwidth radiation characteristics 

around C-band (4 GHz - 8 GHz) is presented in [99] which also lack gain and simplicity in 

design. A planar elliptical dipole configuration, fed by coplanar stripline antenna is presented 

in [100], which suffered from beam splitting problem at different frequencies. Four planar 

dipoles and their comparison results are presented in [101] with a gain of only 7 – 8 dBi. Other 

dipole antennas such as with bow-tie configuration [102], the bottom fed elliptical dipole is 

presented in [103]. All these dipoles are omnidirectional with a lower gain value of around 0-

3 dB, which would not be a good choice for the radiometer antenna. To increase the gain of the 
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antenna system, arrays can be formed for the dipole antennas. A leaf dipole array with balun 

feed is proposed in [104], a  double-sided printed dipole array of thirty-two elements with twin 

lead transmission line presented in [105], another printable dipole with integrated balun is 

proposed in [106] and an ‘H’ shaped dipole array in [107], where, all of them used a metal 

reflector to improve the gains. But these types of antennas are end fire and have longer length 

with low gain required in the required frequency band with unnecessary wide bandwidth, 

therefore, cannot be used in radiometers. For dual polarization configuration, a broadband dual-

polarized dipole antenna is presented in [108], but this type of design is non-planar. The 

operating frequency is 1.6 GHz and 3.55 GHz but designing for Ka-band will be a big challenge 

due to the smaller size of the feed lines. Similar designs are also presented in [109-111]. Dipole 

antennas with high isolation for base station applications is presented in [112, 113]. The 

isolation is ranging around 20 dB to 35 dB in these cases with decent gain of 7 dBi to 9 dBi. 

Problems with these structures are, even if they are printed, their configuration is not planar 

hence unsuitable for multi-layered structures and they are exclusively suitable for baseband 

applications only. A wideband DP antenna is proposed in [114], which is also used later for 

imaging system in [115] as well as for impulse radio (IR) UWB (ultra-wide band) application 

in [94].  

Horn and Bi-conical: Horn antennas are large and bulky. They are mostly used for proving 

design concepts. With higher gain and beamwidth their electrical properties are suitable for 

this research, but the non-planar structure has made horn antennas unsuitable for this research. 

Similar limitations are also true for bi-conical design. Wideband, wide-angle basic bi-conical 

antenna in a single linear polarization is presented in [116]. Other variations of bi-conical 

antennas are discussed in [117, 118]. For the dual polarized structures, a novel horn antenna 

working between 2 and to 26.5 GHz with a coaxial line to improve the transition for better 

return loss is presented in [119], which has lower isolation between ports (21 dB). Similar 
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design with similar low isolation is also presented in [120].  Another DP array of horn antenna 

working at 92 GHz is presented in [121]. A DP probe for near-field application is presented in 

[122]. Unlike other antennas mentioned before, it has the required isolation (>40 dB), however, 

this design suffers from narrow bandwidth and heavier structure. Their size and structure are 

not suitable for this research. 

Aperture coupled microstrip patch antennas (ACMSA): Aperture coupled configuration 

was first proposed by Pozar in [123]. Since then, a modified version of apertures, ground slots, 

patches have been explored by many researchers. Optimising stubs to increase performance 

such as bandwidth and reflection is reported in [124]. Among the research within single linear 

polarization domain, making the aperture shaped as ‘dogbone’ to improve bandwidth is 

discussed in [125]. Stacking patch layers on top of each other to increase bandwidth is 

discussed in [126-128]. Other modifications such as defective ground structure (DGS) is also 

implemented to improve back radiation problem and resonate in two different frequencies 

discussed in [129, 130]. Along with DGS, a parasitic structure in the patch layer is also explored 

to improve back radiation problem in [131]. Design with circular polarization is discussed in 

some studies such as [132-137]. Other designs such as with LTCC ( low temperature cofired 

ceramic) which has metallic via holes can become an issue because of the space constraint 

discussed in [138]. For the dual polarized structure, Aperture coupled microstrip antenna are 

the preferred feeding technique suitable for this research which requires high gain, wide 

bandwidth and high port-to-port isolation [123]. For the aperture coupled design, two 

orthogonal non-overlapping slots are first presented in [139]. After that another model with a 

cross shaped slot is presented in [140]. Later, several other design such as with dog-bone 

shaped slot [141], shared aperture slot antenna [142], with defected ground structure (DGS) 

[129, 131], extended stub in the feedline [124] are proposed having improved isolation and 

gain but lacking the wide bandwidth which is vital for the Ka-band in the radiometer antenna. 
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Another DP ACMSA suitable for X-band SAR applications with a wide bandwidth of 2 GHz 

is presented in [143]. It possesses very high gain and 25 dB isolation between ports which is 

the marginal requirement. This design has a centre-fed slot configuration, symmetric radiation 

pattern and matched return loss. The relatively low bandwidth is improved by adding multiple 

resonant patch to the slot near its matched frequency [144]. This technique induces a quite high 

back-radiation, which is overcome by choosing the resonance of the slot as far as possible away 

from the operating band of the patch [127] and placing a cross-shaped reflector patch behind 

the antenna to increase the front-to-back ratio [145]. Stacked multilayer patches can also be 

used to increase the bandwidth further [146]. Furthermore, separate feed layer technique is 

used in [145] and [147] to improve the isolation. 

After studying overall performance from the literature, it can be concluded that the aperture-

coupled structure are the most suitable for their planar and conformal structure along with 

multiple layered feeding structure to accommodate more than one frequency in the future. 

 

2.3.2 Array Antenna Design 

The way to enlarge antenna dimensions without increasing size of individual elements is an 

array system. Array of antenna represents an assembly of radiating elements in an electrical 

and geometrical configuration. In most cases elements of array are identical but not necessary 

to be identical all the time. For identical cases, to provide beam shaping and scanning in any 

direction in space, arrays are phased arrays [148]. In the mid 1960’s, array technology was 

dominated by open ended waveguide and dipole arrays fed by waveguide or coaxial 

transmission lines. As the need for lightweight antennas for missile and warfare increased, 

stripline transmission circuitry and slot elements development emerged [149, 150]. There were 

several unique array antennas used for spacecraft and missiles in 1950’s to 1970’s. Classic 

monolithic microstrip array proposed by Munson [151], the etched broadside and endfire arrays 
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of Fubini et al. [152, 153], the narrow line radiators of James and Wilson [154] are some notable 

research. These arrays have different characteristics. Their bandwidths and power levels are 

unique, and they point to different future research direction. 

Some development in the array design, including arrays using  non-contacting feeds, the 

problem of  spurious feed radiation, and the monolithic phased array has been discussed in 

[155]. Photolithography allows a very easy fabrication method for series-fed array as both feed 

network and radiating patches/elements can be made without any soldering. Though this 

technique limits to fixed-beam or frequency-scanned arrays but linear or planar arrays can be 

fabricated in both mono and dual polarization feature. The best way to design these types of 

antenna array is using computer aided design (CAD). Using CAD models some progress have 

been made in series-fed linear arrays for proximity coupled dipoles [156, 157] and aperture 

coupled patches [158]. More control can be provided by the corporate-fed arrays as excitation 

of individual array elements are possible in this feeding. Phased arrays, multi-beam arrays, or 

shaped-beam array are usually fed by corporate-fed design. Proximity and aperture coupled 

elements are considered for such arrays. CAD models for arrays of this type [159] have been 

discussed in this regard.  

An elaborate discussion about arrays, linear and planar array can be found in [79, 160-162] etc. 

most popular references. For this proposal, only planar array is point of interest in this research 

study. In the planar array, to get required beam-scanning and directivity, amplitude and phase 

distribution for the radiating elements are required. Fourier transform of this complex 

distribution is required to be measured in this purpose. To provide distribution for this complex 

distribution some algorithms [148, 163, 164] have been discussed in literature. The most 

common power divider for designing the feed network is the Wilkinson’s power divider [165]. 

Designing the Wilkinson’s divider requires diodes to be soldered between arms of the divider 

which makes the power divider complex in higher frequencies. A simpler quarter-wave 
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transformer power divider [79] can also provide very good matching and wideband return loss 

and is suitable for this study. In this case, to meet the requirement of the antenna array, some 

design constraints as side-lobe level, beamwidth etc. are the main challenge and for that reason 

different synthesis technique of planar array have to be analysed. In the next section different 

method of beam shaping algorithm and their benefits are discussed. 

2.3.3 Array Analysis 

Array analysis includes beam shaping, which is one of the properties of smart antennas, which 

allows antenna to receive energy from a specific direction while simultaneously blocking it 

from other directions [79, 166-168]. Beam shaping techniques can be divided into two general 

categories: conventional (fixed beam) beamformers and adaptive beamformers or phased 

array. Generally, with the fixed-beam antennas it is not possible to achieve higher gain. On the 

other hand, with a phased array antenna, the direction of the transmitted beam can be controlled 

by carefully adjusting the amplitudes and phase shift of the antenna elements [169]. Different 

kind of conventional beam shaping techniques have been discussed in literature. In the 

Chebyshev method, current distribution of this array has been first discussed by Dolph [170] 

which discusses the broadside array of a linear distribution. Some other studies have been made 

in [171-173]. Some modifications have been made to expand in planar arrays in the next few 

years [174]. In the next few studies some modifications in order to control the beamwidth have 

been discussed in [175-177]. The advantage of Chebyshev’s method is that it allows having a 

constant side-lobe level. The beamwidth is the parameter that is sacrificed. Depending on the 

application, for this proposal Chebyshev can be very promising. Some other methods as 

uniform power distribution, gaussian power distribution are very common which offers easy 

understanding of the theory. Some modifications of these methods (Gaussian, Chebyshev) are 

recently discussed in [169, 178-180] where isosceles trapezoidal distribution and staircase 
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power distribution have been proposed and comparison with conventional Gaussian method 

has been showed.  

2.3.4 Multi frequency operation 

In conventional microstrip patch antennas, dual- or multi-frequency operation can be obtained 

by employing multiple radiating elements [181] or reactively loaded patch antennas [182] or 

multi-frequency dielectric resonator antennas [183]. Of them, multiple radiating element is 

promising because of its straightforward design procedure. Multiband synthetic aperture radar 

(SAR) antennas offer several advantages for spaceborne remote sensing satellite applications 

[184]. Dual-polarization enhances the information content by providing two co-polar and two 

cross-polar scattering data. The cross- polarization Synthetic Aperture Radar (SAR) imagery 

is important at high-incidence angles. The multiband operation, on the other hand, can provide 

a finer resolution scanning and better penetration and reflection data from various scatterers 

[185]. This type of configuration have been reported by [186-193] and other many research 

works. Both L-band and C-band in the same aperture has been discussed by [185] shown in 

Figure 2. 3. A stacked configuration is used. The lower L-band antenna is etched on its TMM3 

feed substrate, is thus a transmission- line-fed square patch. The upper patch is on a honeycomb 

substrate of about 8-mm thickness and is electromagnetically coupled to the lower patch. Both 
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Figure 2. 3 L- and C-bandn antenna in the same shared aperture from Shafai et al 2000. 
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these patches are perforated, symmetrically so that the induced currents are symmetric and 

cross polarization is kept to a minimum. 

In the antenna design, four of the C-band patches had to be placed within the L-band ones. This 

resulted in a perforated L-band element surrounded by 16 C-band patches, forming a unit cell. 

To meet the bandwidth requirements with a low-profile lightweight design, a stacked 

configuration was utilized. The lower elements were placed on a thin 15-mil TMM3 substrate, 

which also contained the feed network of the L-band array directly coupled to its elements. The 

upper elements were placed on a honeycomb or foam substrate. The C-band elements were 

slot-coupled fed from a lower 15 mil TMM3 substrate. Thus, the entire array in both bands 

used electromagnetic coupling eliminating vertical connections. 

2.3.5 Increasing gain, sensitivity and efficiency of operation 

Recently, research work has focused on frequency reuse and polarization diversity involving 

the use of two orthogonal polarizations. Dual-polarized microstrip antennas have been studied 

and developed extensively [194]. And arrays of antenna are a very good way to increase gain 

of the antenna. An approach to use dual polarized arrays of microstrip antenna has been 

reported by [195]. Coaxial feeding has been used and horizontal/vertical dual polarization has 

been used shown in Figure 2. 4 where feeds touch the patch beneath the patch layer. The result 

of this approach was improved directivity gain, lower cross polarization. A number of dual 

polarization design has been reported in [185, 187-196] 

H-port

V-port

 

Figure 2. 4 Patch feed network for dual polarized antenna array. 
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Another novel design is to use stacked patch design to accommodate multiple patch in the same 

physical aperture. One design of this configuration is reported in [197] shown in Figure 2. 5. 

This investigation is a single polarized structure directly related to the results presented in 

[198], where it was shown that good bandwidth and efficient radiation could be achieved for 

the case of a proximity coupled stacked patch mounted on a high feed dielectric constant if the 

next layer was of similar dielectric constant value.  

 

2.4 Soil Moisture Retrieval Method 

 

2.4.1 Soil Dielectric Properties 

The dielectric constant of dry soils is almost independent of temperature [199] and frequency. 

On the contrary, wet soils show a complex behaviour depending on the interaction between 

soil, water, and air particles. A series of dielectric constant measurements of five soils with 
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different texture composition at frequencies between 1.4 and 18 GHz was performed [200] and 

found out that texture has a strong effect on the dielectric behaviour. Models that use a semi-

empirical was followed by two widely used models presented [201, 202].  

2.4.2 Soil Roughness Effects 

Several attempts have been made to account for the effect of surface roughness on the observed 

brightness temperature because when a radar wave impinges on a smooth surface at a specific 

incident angle, some energy is scattered in all directions, some of which returns to the sensor 

as backscatter, and the rest is reflected in the specular direction [6, 203-207]. Physical models 

[208] are generally driven by surface characteristics derived from measurements of surface 

height profiles [209]. Using only the coherent term of the scattered field, [203] proposed a 

simple model for the reflectivity. 

2.4.3 Retrieval Algorithm 

Retrieval algorithms can be different based on active or passive sensing. For SMAP, methods 

such as single channel algorithm [210], dual channel algorithm [210], land parameter retrieval 

model [211-213] can be used. Based on the experimental relationship between the geophysical 

variables and the radiative transfer equation using a regression technique moisture component 

of soil can be measured for passive sensing [214, 215]. Another approach can be based on the 

use of neural networks. These algorithms have been used with satisfactory results in the 

retrieval of agricultural parameters from radiometric data [216]. Another approach is widely 

used and is based on the inversion of radiative transfer models. Obviously, this approach has 

also some disadvantages, since errors of the model lead to errors in the retrieval. The soil 

moisture models are used as forward models, and the geophysical variables are retrieved by 

minimization of a cost function [217].  Estimates can be constrained to be close to the initial 

value by choosing low values, or they can be left as a free parameter by selecting. 
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2.5 Analysis and discussion 

This article provides a detailed overview of previous works on soil moisture retrieval work as 

well as smart antennas. As water is one of the most valuable elements in nature, soil moisture 

plays a vital role determining the climate and vegetation of a certain area. Combining the soil 

moisture algorithm with multiband antenna design concept, the present research can be 

enriched with new technologies. As discussed in the soil moisture retrieval algorithm section, 

L-band is considered the frequency band which is most likely to be used in remote sensing of 

soil moisture. But though L-band penetrates 1-5 cm which is impressive, lacks the sensitivity 

or details in information. That is why multiband structure could be very novel and effective in 

remote sensing. Active radar sensing at L-band has shown some positive results for soil 

moisture retrieval, passive microwave measurements have a reduced sensitivity to land surface 

roughness and vegetation cover. The ESA (European Space Agency) has launched SMOS (Soil 

Moisture and Ocean Salinity) which is the first dedicated soil moisture mission based on L-

band passive microwave radiometry. Another mission is SMAP (by NASA in 2015) working 

in the same study. Aquaris (June 2011) is another mission that is to bridge the previous two 

missions by ensuring harmonious soil moisture product with consistent characteristics. The 

scientific basis of operational algorithm for high resolution mapping of near-surface soil 

moisture content is yet to be explored. Until now, there has been no way to undertake such a 

comprehensive and integrated study anywhere in the world due to no access to the appropriate 

combination of airborne sensor systems to be flown simultaneously. 

To summarize, it is possible to measure soil moisture using radiometer because the amount of 

soil moisture has direct effect on dielectric constant. Using only L-band data can determine soil 

moisture but with only small sensitivity and less accuracy. Other high frequency bands Ku and 

Ka can provide the required sensitivity. Different antennas for those three bands will require 

more physical space and will be a bulky system. A shared aperture multiband antenna operating 
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these frequencies could be a good choice for this operation. Also, the brightness temperature 

for single L-band system is currently present using the Polarimetric L-band Multibeam 

Radiometer  (PLMR) which can effectively calculate from L-band radiation but combining 

multiband and decipher the data will be a rigorous work. Also phase shifters, beam shaping 

networks and RF switches design would be specialized for this system. 

2.6 Research gap 

The space missions can provide the data for the soil moisture and ocean salinity, but every 

system has its own drawbacks. It is clear that though active system gives higher resolution, it 

is expensive, and it lacks the sensitivity. Hence a fully passive system is needed for the viability 

and practicality. SMOS is a fully passive system but it lacks the resolution as it has only L-

band radiometer. To achieve higher resolution, multi-band radiometer is required. Currently 

Department of Civil Engineering at Monash University is working with NASA for SMAP data 

collection and validation using Polarimetric L-band Multibeam Radiometer (PLMR), 

Polarimetric Scanning Ka/Ku-band Radiometer (PSKR) and Polarimetric L-band Imaging 

Scatterometer (PLIS) from Prosensing Inc and it is a natural choice to use Ku – and Ka-band 

antenna as a supplement to the L-band antenna for the multiband radiometer. There is no single 

module commercially available in the market that can measure soil moisture and be planar, 

cheap and portable to be used in the agriculture sector where resolution of few tens of metres 

are more realizable than a 40 km by 40 km grid. Ku- and Ka-band antennas alone as airborne 

radiometer can also help estimate the moisture information which can be helpful in the 

agriculture sector. 

 

2.7 Research Motivation 

The present situation allows to measure soil moisture from remote in a very complicated way 

which lacks viability by some margin. Both active and passive leads to a complicated and 
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expensive way of soil moisture mapping. A number of satellite missions have already been 

launched in endeavour to measure soil moisture which no wonder are some very expensive 

missions. Here arises a cheap, viable way of determining soil moisture. In the microwave 

approach that has been discussed in the literature, only L-band is currently being used to 

monitor the brightness temperature which cannot be downscaled for higher resolution. In 

search for feasible method to downscale L-band data a novel conception must be developed. 

In order to solve this research problem, other high frequency bands (e.g. Ka-, Ku- bands) can 

be incorporated in the same aperture to make the design compact, cheap and enriched in terms 

of information. Along with L-band antenna, these high frequency bands (Ku- and Ka-bands) 

can exploit their high frequency property for better resolution keeping the same penetration 

and sensing of original L-band. The primary target will be a fully planar compact module for 

aircraft which in future can be used in spacecraft and satellites.  

2.8 Research Aims 

The core aim of this research is to build a shared aperture radiometer antenna for measuring 

soil moisture. The specific targets of the projects are following- 

 

- Developing compact shared aperture antennas for multi-band operations in L-, Ku- and 

Ka-bands.  

- Implementing novel array synthesis and analysis for uniform antenna performance in 

multiple bands.  

- Novel beam forming algorithm to shape the beam in multiple frequencies.   

The system of this research endeavour is presented in Figure 2. 6 (a) defining all three bands’ 

beamwidth, approximate altitude of the aircraft and tentative covering area. The expected 

higher resolution footprint of the Ku- and Ka-bands are shown in Figure 2. 6 (b). The 

requirement specifications (Table 2. 1) of the space-borne/airborne radiometer are very 
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demanding in terms of antenna beamwidth, pattern efficiency and beam steering capabilities. 

New mathematics and sciences in the field will enhance the knowledge bases of antenna design 

and advance the field. 

 

In brief, the main aim is to design a universal smart polarimetric antenna system that can be 

used for multiple-bands covering sparsely located L-, Ku and Ka-bands. The ultimate 

objectives that can be fulfilled are: L-band for more accurate mapping and Ku- and Ka-bands 

for higher resolution. However, it is not a trivial task to design an antenna that covers multiple 

bands in a compact and shared aperture configuration and still be light weight. Another aim is 

to use the developed antenna universally without any modification of existing facility to fit the 

antenna on board an aircraft for demonstrating the technology and developing the downscaling 

approach with the provision to use with commercially equipped satellite radiometers in near 

future. So far, such an antenna system has not been reported. 

 

 

(a) 

 

(b) 

 

Figure 2. 6 (a) Proposed shared aperture multi-beam multi-band radiometer planar antenna and scan zone for aircraft, (b) 

Ku- and Ka-band footprint inside an L-band footprint from 10000 feet altitude. 

 



Chapter 2: Literature Review  39 

 

Table 2. 1 Specifications of shared aperture multi-band multi-beam antenna 

 

Specifications 

Design Parameters L-Band Ku-band Ka-band 

Design Frequency 1.4 GHz 18.7 GHz 37 GHz 

10 dB return loss (RL) 

Bandwidth (%) 

25 MHz (1.8%) 200 MHz (1%) 1.5 GHz (4.1%) 

No. of antenna elements 

(MN) 

8  8 8  8 8  8  

Max. aperture size (mm 

 mm) 

1,200  1,200 90 90 50  50 

Beamwidth (BW) 8  8  8  

Beam efficiency 90% 90% 90% 

3 dB BW footprint 

diameter (km) 

1 0.5 0.5  

Peak gain  22 dBi 22 dBi 22 dBi  

Sidelobe level (SLL) 25 dB 25 dB 25 dB 

Cross-polar isolation   d   d   d 

Weight Less than 20 kg (including radome) 

Dimensions (mm) 1,200  1,200  100 mm 
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2.9 Conclusions 

This chapter presents a comprehensive review on soil moisture measurements and antenna 

structures. Soil moisture, being one of the key elements in hydrology, weather science and 

agriculture sector, can be measured using microwave remote sensing. Passive sensing senses 

the natural emission from the earth to measure the soil moisture content. Several space missions 

along with a lot of aircraft and ground missions are carried out by researchers to measure the 

soil moisture accurately. The spatial, temporal and polarization diversities exploited from smart 

antennas have added new and unique dimensions in wireless communications. The advantages 

of smart antennas (especially polarization diversity) have been exploited in PMR to capture the 

natural emission (also called brightness temperature) for soil moisture measurement. For 

remote sensing radiometer smart antennas, it is preferable to have shared aperture multiple 

band multi-beam and polarization diversity antenna so that the weight can be reduced, and the 

antenna can be made compact and light weight. From the literature, aperture coupled feeding 

technique is found to be a suitable method of feeding the antenna. Array antenna design, array 

analysis and multi-band structure are few stages of the radiometer design discussed in this 

chapter. After a thorough review, research gap is found, and research goal is established. The 

system requirements for the radiometer antenna to be used commercially is set to the standard 

of the ARC project requirements.  

The previous chapter and this chapter lay the foundation of the motivation and aim for this 

research. The next chapters discuss technical work performed to achieve the goal of this 

research. 
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3 Linear Polarized Antenna 

3.1 Overview 

A number of techniques for the development of the radiometer LP antennas are analysed in the 

previous chapter and the aperture coupled microstrip antenna (ACMSA) is chosen because of 

the simultaneous presence of all prerequisite properties for a radiometer antenna, such as lower 

cost, smaller size, lighter weight and higher gain, when compared with other antennas. A 

radiometer antenna has a very demanding gain, reflection, linearity, isolation requirements so 

it is important to choose the antenna element and design and/or optimize before implementing 

array configuration.  

On the process to develop a multi-band radiometer array, the first step is to design an element 

antenna for each frequency band. In this chapter, the development of the LP ACMSA antennas 

in three different microwave frequency bands, namely L-, Ku- and Ka-bands are presented in 

detail, which is suitable for radiometers, and the flow of the chapter contents are as follows: 

First, a brief review is carried out to discuss the advantages of the aperture coupled feeding for 

radiometer requirements. Then, upon finding the aperture coupled microstrip patch antennas to 

be suitable, the theory of radiation is discussed. Then, three single element LP antennas are 

designed for three different bands. In the measurement section, a single element Ku-band 

element is fabricated, assembled and measured to compare with the simulation result. Finally, 

a parametric study is shown in detail to explain and understand the design procedure and 

optimization given the different frequencies and requirements. 
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3.2 Review 

The goal of this chapter is to develop linearly polarized (LP) radiometer antennas for all three 

bands, which are L- band at 1.4 GHz, Ku-band at 18.7 GHz and Ka-band at 37 GHz. The typical 

properties of an LP antenna element are - (i) higher gain, so that it can scan from some distance, 

(ii) smaller in size to be easily placed in the radiometer frame, (iii) lower manufacturing cost, 

since the system needs to be cheap, (iv) lighter weight, so that it can be fitted in an aircraft, 

UVA or even satellite. Among many feeding techniques discussed in Chapter 2, some of them 

have a very large profile, some other have a too narrow bandwidth, some have higher weight 
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and manufacturing cost, and some other have lower gain and beam-widths. Upon considering 

all the facts available from the literature discussed in the previous chapter, aperture coupled 

design is chosen to be the suitable feeding technique for the element antenna design for this 

chapter and the future chapters. 

Advantages of LP ACMSA over other designs make it suitable for it to be used in radiometer 

antenna in all three frequencies together. Here are few advantages to summarise them- 

• LP ACMSA is a low-profile design than the most other wideband antennas (horn, 

dipole, LPDA). 

• Manufacturing cost is also lower than horns, dipoles and bi-conical antennas.  

• Planar configuration is possible which gives this technique an edge over horn, bi-

conical, Vivaldi notch and other non-planar designs.  

• Weight and size are relatively smaller than horn, bi-conical and Vivaldi notch antennas. 

• Gain is quite high, and it has symmetric and similar electric and magnetic field. 

• For multi-band design, a stacked layered structure is possible. 

 

3.3 Theory of LP ACMSA 

LP ACMSA is a low profile, low cost, lightweight, wideband, high gain and wide beam antenna. 

Unlike regular patch antenna, where patch size and the excitation point of the feed lines are 

optimized, in the LP ACMSA antennas, aperture size, stub length and in some cases air gap 

between patch layer and feed layer and/or multilayer stack patches are optimized. Increased 

number of variables for optimization also means an increased degree of freedom for designers. 

Due to the structure, where the feed layer, the ground layer and the patch layer are isolated, it 

is easier to design an array later using this structure than any other structures up to an extent. 

For LP antenna, the top layer is the patch layer shown in Figure 3. 1, the ground is the next 
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layer and the feed line is the bottom layer. Plan view with all the design parameters is also 

shown in the figure. This antenna has two substrate layers of length, l, and width, w. One layer 

is in between the patch and the ground, and the other layer is in between the ground and the 

feed line layer. A rectangular patch with length, lp, and width, wp, is etched from the top 

substrate layer. The ground plane consists just a rectangular slot of length, ls, and width, ws. 

The feed layer is the most complicated part in this design. A 50 Ohm line is etched from the 

bottom layer of length, l1. This feed line is a dual offset feedline meaning it divides into two 

parts, each part identical to the other. Each part consists of an L-shaped 100 Ohm line 

orthogonal to the 50 Ohm line so that it passes under the aperture on the ground layer and 

continues a bit longer. The distance between two arms of 100 Ohm lines is, l2, and the length 

of the individual arm is, l3. The extended or continued part from the aperture is of, l4, length 

and called stub length which is a very important parameter for the impedance matching.  

 

The widths (not shown in the figure) of the 50 Ohm and 100 Ohm lines depend on the substrate 

thickness and the dielectric properties of the substrate. The widths are very important to be 

accurate as there will be mismatch otherwise hence high reflection and low gain will result 

from this mismatch. The transition from the 100 Ohm to 50 Ohm is the place where it is likely 
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Figure 3. 1 Layout of the single element LP ACMSA (a) plan view and (b) expanded 3-D view 
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to have the most mismatch as it is impossible to directly transit from two different impedances. 

Several intermediate stages or impedances are not designed to avoid the design complexity. 

Two substrates are aligned one top of the other without any airgap and the centre of the patch, 

ground and feed line are also aligned. The substrate thickness has direct impact on the 

bandwidth and the feed width calculation. Thinner feed lines are generally preferable because 

it is easier to design the feed lines for a large array. Also, thinner feed lines couple with the slot 

better which makes the design more ideal. To ensure less spurious radiation with minimal 

copper loss or radiation from the feed lines, substrate with permittivity between 2 and 10 is a 

good choice and thickness of the substrate should also be approximately 0.01 𝜆. The size of 

the patch which are the patch length and patch width determine the radiation from the patch. 

The patch length, lp, determines the resonant frequency of the antenna, whereas, patch width, 

wp, controls the resonant impedance.  To achieve lower cross polarization level and impedance 

the patch width wp should be bigger than the patch length, lp. In the ground plane, slot width, 

ws, and slot length ls also play important part on the radiation coming from the ground plane. 

The size of the slot determines the amount of radiation coming through. The length of the slot, 

ls, is responsible for coupling and radiation contributing to the back lobe, and the width of the 

slot, ws, also play a role in the coupling. At the bottom layer, the feed line has many design 

parameters and each of them plays part determining the coupling and tuning to the resonant 

frequency. Tuning stub, l4, is tuned to mitigate the excess reactance. Other parameters such as, 

l1, l2 and l3 are also optimized to tune to the resonant frequency. This configuration is for only 

one polarization and can be either horizontal or vertical polarization which will be discussed 

in details in the next chapter. 

3.4 Design and simulation details of LP ACMSA 

Computer Simulation Technology (CST) Microwave Studio 2017 is used for the design, 

simulation and optimization of the single element LP ACMSA. First, a commercially available 
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substrate is chosen for developing the antenna, in this case it is TLX-8 with dielectric constant 

of 2.55 and thickness of 0.127 mm. Then, the antenna parameters and feed line widths on that 

substrate are calculated for the centre frequency. After that, the slot is matched with the dual 

offset feed lines over the entire bandwidth in simulation. Next, the radiating patch is matched 

with the slot and feed line. Finally, the single element LP ACMSA design is optimized further 

for fabrication. 

 

3.4.1 LP ACMSA design specification for the radiometer antenna 

Following specifications are initially set for developing a single element linear polarized 

antenna for L-, Ku- and Ka-bands. These specifications will ensure that when designing the 

array antenna in dual-polarized polarization is completed, the design requirements are satisfied. 

• Gain: Gain for a single element LP antenna should be more than 6.5 dBi in all three 

bands. This is set to ensure that the array antenna after beam shaping has a high gain 

which is essential for the radiometer antenna. 

• Bandwidth: Bandwidth is one of the most important properties of an antenna. In general, 

radiometer antennas are narrow band with high quality factor. The design requirement 

is set to have 25 MHz (1.8%) for the L-band, 200 MHz (1%) for the Ku-band and 2 

GHz (5.4%) for the Ka-band. The reason is purely to focus the antenna beam onto the 

area of interest. 

• Cross-polar isolation: Cross-polar isolation is to be set as high as possible. The 

requirement is set to have less than -25 dB 

• Weight and size: The weight and size of a single element LP ACMSA will be multiplied 

by a factor depending on the array size, so a single element must be as compact as 

possible. 
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• Beamwidth: The beamwidth of a single element and an array will be different as 

increasing the number of elements in an array will narrow the beamwidth. For a single 

element LP ACMSA, the beamwidth is set to have around 65°.  

These design specifications are summarised in the Table 3. 1 below 

 

3.4.2 L-band LP ACMSA design simulation and results 

L-band antenna operates at 1.4 GHz as the centre frequency. The feed network of this antenna 

is selected as aperture coupled and the polarization is linear as discussed. 

3.4.2.1 Parameter values for L-band LP ACMSA 

As mentioned earlier, only linear polarization is discussed in this chapter. The aperture coupled 

configuration of the L-band antenna is similar to what is shown in Figure 3. 1. In this study the 

values of the parameters are as follows. The substrate is TLX-8 with a thickness of 0.127 mm. 

The length and width of the patch are the same, lp = wp = 62 mm though in the theory section 

it is mentioned that the width should be longer than the length. This symmetry will be used for 

dual-polarized structure in the next chapter. The feed length l1 = 60 mm. Feed line width is the 

Table 3. 1 Design target for LP ACMSA 

Antenna parameter Target value for single LP 

ACMSA 

Target value for 8 × 8 array 

after beamforming 

Gain 6.5 dBi 22 dBi 

Bandwidth 25 MHz (L-), 200 MHz 

(Ku-), 1.5 GHz (Ka-band) 

25 MHz (L-), 200 MHz 

(Ku-), 1.5 GHz (Ka-band) 

Beamwidth ~ 65° ~ 10° 

Cross-polarization < −25 dB < −25 dB 
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same as 50 Ω line and not set as a variable. The extension of the dual offset or the Y branch of 

the feed is l2 = 18 mm. The arms of the feed lines are l3 = 48 mm. The stub is l4 = 4 mm. 

Substrate length and width are also the same l = w = 120 mm. The slot length is ls = 23 mm 

and slot width ws = 5mm. These variables are obtained from the simulation using CST 2013. 

3.4.3 Simulation results 

Simulation shows the S-parameter, which in this case only S11 against frequency in Figure 3. 

2. In this figure it can be seen that the antenna is very well matched centred at 1.4 GHz. The 

reflection loss is very minimum at approximately 35 dB which results in only 0.03% power 

loss due to reflection. Also, the bandwidth is from around 1.33 GHz to 1.48 GHz resulting 

around 150 MHz which is way above than the requirement (25 MHz).  

 

 The radiation patterns for the electric and magnetic fields are shown in Figure 3. 3 (a) and (b) 

respectively. For the electric field the co-polar magnitude of the antenna is around 7.7 dBi and 

that is at 0⁰. The cross-polar level is below -30 dBi and at 0⁰ that is minimum with -63 dBi 

which is 70 dB below the co-polar main lobe. The shape of both the co-polar and cross-polar 

 

Figure 3. 2 S-parameter for L-band LP ACMSA 
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pattern are symmetric along 0⁰ and 180⁰ line. For the magnetic field, again the co-polar 

magnitude of the antenna is around 7.4 dBi and that is at 0⁰. The cross-polar level is below -40 

dBi this time and at 0⁰ that is minimum with -72 dBi which is around 80 dB below the co-polar 

main lobe. The shape of both the co-polar and cross-polar patterns are again symmetric along 

0⁰ and 180⁰ line. 

 

3.4.4 Ku-band LP ACMSA design simulation and results 

Ku-band antenna in this case operates at 18.7 GHz as the centre frequency. The feed network 

of this antenna is also selected as aperture coupled and the polarization is linear as discussed. 

3.4.4.1 Parameter values for Ku-band LP ACMSA 

The aperture coupled configuration of the Ku-band antenna is again similar to what is shown 

in Figure 3. 1. In this study, the values of the parameters are as follows. The substrate is TLX-

8 with a thickness of 0.127 mm. The length and width of the patch are the same, lp = wp = 4.8 

 

 

(a) 

 

 

(b) 

Figure 3. 3 Radiation pattern of (a) E- and (b) H- plane for co polar and cross polar of single element L-band LP 

ACMSA antenna 
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mm. The feed length l1 = 4.1 mm. Feed line width is the same as 50 Ω line and is a constant 

for a given substrate of fixed thickness. The extension of the Y branch of the feed is l2 = 1.5 

mm. The arms of the feed lines are l3 = 3 mm. The stub is l4 = 1.1 mm. Substrate length and 

width are also the same l = w = 8 mm. The slot length is ls = 3 mm and slot width ws = 0.3 

mm. 

3.4.4.2 Simulation results 

Simulation shows the S-parameter, which in this case only S11 against frequency in Figure 3. 

4. In this figure, the antenna is very well matched at 18.7 GHz. The reflection loss is very 

minimum at approximately 25 dB which results in only 0.32% power loss due to reflection. 

Also, the bandwidth is from around 18.5 GHz to 18.8 GHz resulting around 300 MHz which 

is above than the requirement (200 MHz).  

 

The radiation patterns for the electric and magnetic fields are shown in Figure 3. 5 (a) and (b) 

respectively. For the electric field the co-polar magnitude of the antenna is around 8.3 dBi and 

that is at 0⁰. The cross-polar level is below -50 dBi and at 0⁰ that is minimum with -75 dBi 

 
Figure 3. 4 S-parameter for Ku-band LP ACMSA 
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which is approximately 85 dB below the co-polar main lobe. The shape of both the co-polar 

and cross-polar pattern are symmetric along 0⁰ and 180⁰ line. For the magnetic field, again the 

co-polar magnitude of the antenna is around 8.0 dBi and that is at 0⁰. The cross-polar level is 

below -50 dBi this time and at 0⁰ that is minimum with -70 dBi which is approximately 80 dB 

below the co-polar main lobe. The shape of both the co-polar and cross-polar patterns are again 

symmetric along 0⁰ and 180⁰ line.  

3.4.5 Ka-band LP ACMSA design simulation and results 

Ka-band antenna operates at 37 GHz. The feed network of this antenna is again selected as the 

aperture coupled feeding and the polarization is linear. 

3.4.5.1 Parameter values for Ka-band LP ACMSA 

The aperture coupled configuration of the Ka-band antenna is similar to what is shown in 

Figure 3. 1. In this study the values of the parameters are as follows. The substrate is TLX-8 

 

 

 

(a) 

 

 

 

(b) 

Figure 3. 5 Radiation pattern of (a) E- and (b) H-plane for co polar and cross polar of single element Ku-band LP 

ACMSA antenna 
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with a thickness of 0.127mm. The length and width of the patch are the same but smaller than 

that of the Ku- and L-bands. The patch length and width, lp = wp = 2.4 mm. The feed length 

l1 = 1.92 mm. Feed line width is the same as 50 Ω line and not set as a variable. The extension 

of the Y branch of the feed is l2 = 0.82 mm. The arms of the feed lines are l3 = 1.3 mm. The 

stub is l4 = 0.7 mm. Substrate length and width are also the same l = w = 4 mm. The slot length 

is ls = 2 mm and slot width ws = 0.2 mm. 

3.4.5.2 Simulation results 

Simulation shows the S-parameter, which in this case only S11 against frequency in Figure 3. 

6. In this figure, the antenna is very well matched at 37 GHz. The reflection loss is very 

minimum at approximately 34 dB which results in only 0.033% power loss due to reflection. 

Also, the bandwidth is from around 35.9 GHz to 37.9 GHz resulting around 2 GHz which is 

above the requirement (1.5 GHz).  

 The radiation patterns for the electric and magnetic fields are shown in Figure 3. 7 (a) and (b) 

respectively. For the electric field the co-polar magnitude of the antenna is around 8 dBi and 

that is at 0⁰. The cross-polar level is below -45 dBi and at 0⁰ that is minimum with -65 dBi 

 

 

Figure 3. 6 S-parameter for Ka-band LP ACMSA 
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which is approximately 75 dB below the co-polar main lobe. The shape of both the co-polar 

and cross-polar pattern are symmetric along 0⁰ and 180⁰ line. For the magnetic field, again the 

co-polar magnitude of the antenna is around 8.0 dBi and that is at 0⁰. The cross-polar level is 

below -45 dBi this time and at 0⁰ that is minimum with -65 dBi which is approximately 75 dB 

below the co-polar main lobe. The shape of both the co-polar and cross-polar pattern are again 

symmetric along 0⁰ and 180⁰ line. 

3.5 Measurement results 

In this study a LP Ku-band antenna was fabricated and measured as the proof of concept. 

Details of the structure and measurement results are discussed in the next sections. 

3.5.1 Structure 

The structure of the Ku-band LP ACMSA is the same as shown in Figure 3. 1. The substrate is 

TLX-8 with a thickness of 0.127 mm. Similar to the simulation the length and width of the 

patch are kept, lp = wp = 4.8 mm. The feed length l1 = 4.1 mm. Feed line width is the same as 

50 Ω line and is 0.35 mm for a given substrate of fixed thickness. The extension of the Y branch 

 

(a) 

 

(b) 

 

Figure 3. 7 Radiation pattern of (a) E- and (b) H-plane for co polar and cross polar of single element Ka-band LP ACMSA 

antenna 
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of the feed is l2 = 1.5 mm. The arms of the feed lines are l3 = 3 mm. The stub is l4 = 1.1 mm. 

Substrate length and width are also the same l = w = 8 mm. The slot length is ls = 3 mm and 

slot width ws = 0.3 mm. The designed antenna is then fabricated and is shown in Figure 3. 8. 

3.5.2 S-parameter result 

The antenna was fabricated by a commercial PCB design company using photolithography 

process in all cases. The fabricated antenna is measured using a vector network analyser (VNA) 

from Agilent’s programmable network analyser (PNA) E8361A series. The results of S-

parameter are shown in Figure 3. 9. The deviation between the simulated and the measured 

result is due to the fabrication precision and assembly error. Otherwise a well-matched 

condition is found at the resonant frequency 18.7 GHz.  

 

 

(a) 

 

(b) 

Figure 3. 8 (a) Fabricated LP ACMSA antenna at Ku-band (18.7 GHz), (b) ground and feed layer size comparison with a 

50 cent AUD 
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3.5.3 Radiation pattern 

Radiation pattern of both the simulated and measured LP ACMSA Ku-band is shown in Figure 

3. 10. From the figure it can be said that the measured and simulated patterns have similar 

shape. The gain for both the co-polar and cross-polar measured result have a maximum 

 

Figure 3. 9 Simulation and measured S11 of Ku-band LP ACMSA antenna 
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Figure 3. 10 Radiation pattern of (a) E- and (b) H-plane for co polar and cross polar of single element Ku-band LP 

ACMSA antenna in both simulation and measured. 

 

 

  -50   -30   -10   10

30

210

60

240

90270

120

300

150

330

180

0

 

 

Simulated co polar

Measured co polar

Simulated cross polar

Measured cross polar

  -50   -30   -10   10

30

210

60

240

90270

120

300

150

330

180

0

 

 

Simulated copolar

Measured copolar

Simulated cross polar

Measured cross polar



Chapter 3: Linear Polarized Antenna  56 

magnitude of 6.97 dBi and 6.9 dBi. The mismatches are due to some fabrication and assemble 

issues which are very normal given the tiny size, connector losses, soldering losses etc.  

3.6  Study of different parameters' effect and design guideline for LP 

ACMSA 

All three frequency bands will be in a multilayered structure which is only possible if there are 

multiple substrate layers in the design. Initially all antennas were designed using the simplest 

substrate and ground structure which is two substrate layers on either sides of the ground and 

a patch on the top.  

3.6.1  Substrate permittivity 

Permittivity of the substrate plays vital role on the radiation efficiency and bandwidth. Also, 

for the array structure thickness of the substrate determines the width of the power divider 

which becomes important and critical because of the minimal spaces between multiple slots in 

the ground layer. Lower permittivity of the substrate makes wider bandwidth. 

In Figure 3. 11, S11 or equivalent to reflection coefficient is plotted against different values of 

permittivity for all L-, Ku- and Ka-bands. All three bands show a resonant situation where best 

matching occurs. Sharpness of the dip shows bandwidth variation in this case. Also, the level 

of matching is another factor which might be dependent on the substrate permittivity. For very 

low permittivity matching was harder and not as the same as of higher permittivity. In this 

simulation, a material was created with similar loss tangent as of TLX-8 lossy and the 

permittivity was set variable to be swept. Also, the realized gain is a function of permittivity 

shown in Figure 3. 12.. For lower and higher value of permittivity gain were found very low 

as matching and other losses were very prominent.  
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This is because the design was done for a commercially available substrate (TLX-8) and thus 

it matches for its permittivity (which is 2.55) only and other values yield larger mismatch and 

loss. 

3.6.2  Effect of Patch Length 

The resonant frequency of operation is determined by the length of radiating edge of the patch 

or in another word patch length and width. In this case this is a dual polarized antenna which 

makes it a square patch having same length as width. From literature and numerous available 

equation and physical explanation it is known that the resonant frequency is inversely 

proportional to the patch length. The patch is physically placed over the slot in the ground plane 

for maximum coupling. E-plane has more influence than H-plane on the alignment [218].  

 

(a) 

 

(b) 

 

(c) 

 

 

Figure 3. 11 Effect of dielectric constant on S11 for (a) L-, (b) Ku- and (c) Ka-band 
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To understand the effect of patch length over reflection coefficient, and realized gain, patch 

length is varied, and the effects are shown in Figure 3. 13, and Figure 3. 14. In Figure 3. 13, 

S11 variation is shown which is the measure of reflection coefficient or matching is. Changing 

the patch length from its optimum value makes shift S11 upward or poorer direction in all three 

frequencies. Realized gain shows similar trend as Figure 3. 12  here as well and it is shown in 

Figure 3. 14.  

It can be concluded that realized gain, S11 has optimized value where they show resonant kind 

behaviour and at other values, they show poor responses depending on their frequency range 

and bandwidth.  

 

 

(a) 

 

(b) 

 

(c) 

 

 

Figure 3. 12 Effect of dielectric constant on realized gain for (a) L-, (b) Ku- and (c) Ka-band 
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Figure 3. 13 Effect of patch length on S11 for (a) L-, (b) Ku- and (c) Ka-band 
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Figure 3. 14 Effect of patch length on realized gain for (a) L-, (b) Ku- and (c) Ka-band 
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3.6.3 Effect of Slot length 

The coupling between the feed line and the patch is the primary reason for radiation and it 

depends on the slot length. Also, it determines the radiation level. Instead of using the 

traditional rectangular slot, improved shapes of slots may improve performance for different 

requirements. In this case a cross coupling slot is studied and feed lines were ‘Y’ shaped for 

better coupling. Length and position of the slot determines the point where the patch is being 

excited and thus it plays vital role for matching. Figure 3. 15 shows the effect of slot length 

over S11 or reflection coefficient. As expected, slot lengths have matching or resonant length 

for each frequency. Effect of slot length over bandwidth can also be realized from this study or 

at least can get a general pattern from it.  

 

(a) 

 

(b) 

 

(c) 

 

 

Figure 3. 15  Effect of slot length on S11 for (a) L-, (b) Ku- and (c) Ka-band 
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Realized gain shows similar matching or optimized length for each of the frequency. Other 

lengths except the optimized result low realized gain as mismatch occurs. This effect of slot 

length over realized gain is shown in Figure 3. 16. 

3.6.4 Summary of parametric study  

In this study, all the important parameters for designing the LP ACMSA are varied and results 

are analysed. Independent of the frequency bands the reflection loss and realized gain pattern 

show very similar trends. Later, a design guideline is provided for designing antennas in these 

frequencies.  

In Table 3. 2, the effects of few parameters such as substrate dielectric constant (Ɛr), length of 

the patch (lp), width of the patch (wp), feed length (l1), stub length (l4), slot length (ls), slot 

width (ws), substrate width (w) and substrate length (l) are shown.  

 

(a) 

 

(b) 

 

(c) 

 

 

Figure 3. 16 Effect of realized gain vs slot length for (a) L-, (b) Ku- and (c) Ka-band 
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It is observed that the effect of changing the substrate permittivity (𝜀𝑟) and substrate thickness 

(h) have a significant effect on the antenna performance. Also, for any practical design it is 

ideal to choose to select the substrate material and thickness beforehand otherwise it is very 

difficult to change later. So, throughout the design process of LP ACMSA these parameters are 

unchanged. The next parameter that should be fixed is the patch length (lp). The length has a 

direct proportional relationship with the centre frequency of operation. Hence increasing the 

length increases the radiation edge and hence the centre frequency. The length of patch should 

be chosen in such a way that the antenna resonates in the required frequency. The change in 

the realized gain is due to matching as at a certain frequency, the antenna radiates the most 

only at a certain matching condition. The length of the patch is hence to be fixed as well for a 

certain frequency of operation. All the other parameters can be varied up to a limit except these 

three parameters. The substrate permittivity and height/thickness must be fixed for practicality 

of the design and the patch length is found from the theory hence cannot be changed. The other 

dominant parameters that result in larger variation are the slot length (ls), stub length (l4), width 

Table 3. 2 Summary of the effect of different parameter changes 

Parameter 
names 

Effect on 
the S11 

Realized 
Gain Comments 

ᵋr U D  S11 and Realized gain change moderately 

h U D Significant change in both S11 and realized gain 

lp DU UD S11 and Realized gain change abruptly 

wp D  - S11 changes but realized gain not so 

l1 UDU DUD Matching is affected so are S11 and gain 

l4 UDU DUD Stub is crucial to matching, S11 and gain change abruptly 

ls UDU DUD Amount of excitation affects S11 and gain 

ws U D S11 and Realized gain change moderately 

w - - Not much effect 

l - - Not much effect 

* U = upwards 

* D = downwards 
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of the slot (ws) and few others. The slot length variation varies the point of excitation on the 

patch and has similar effect of changing feeding position of the coaxial cable in coaxially fed 

antenna. At the right slot length, the S11 or the reflection coefficient hits the optimum point 

and change abruptly with further change in this parameter. Next, the stub length (l4) is vital 

obtaining the matching of impedance. Changing the stub length changes the reactance of the 

impedance hence changes the matching condition. Again, at a certain frequency, the stub length 

must be fixed at a certain value and just a little variation in that length results huge variation in 

the S11 of reflection coefficient. The slot width (sw) controls the amount of excitation going 

through the ground plane and hence vital designing the antenna. The feed length (l1) also has 

impact as this controls the feed position and hence the matching. There are also other 

parameters that change the performance of the antenna such as the width of the ‘Y’ arm of the 

feed and width of the patch (wp) but they are changed to tune the matching circuit only after 

fixing other important parameters beforehand. There is also another very important parameter 

which is found theoretically and is fixed independent of the frequency and operation and that 

is the width of the feed which should be of 50 Ω always. In the next section a complete design 

guideline is presented after documenting these parameters variation. 

3.6.5 Design guideline for LP ACMSA 

After performing simulations and optimizations a design guideline is presented here to help 

future designers to start the optimization process step-by-step.  

▪ The first step is to select the substrate material with right permittivity (𝜀𝑟) and thickness. 

As later for fabrication these properties will be unchangeable. Substrate thickness of 

about 0.01λ to 0.02λ is better for feed substrate and thicker substrate with lower 

permittivity is preferable for patch substrate. One important thing about designing in 

the higher frequency domains is that the patch size and feed lines become small and in 

an array, designing the feed network becomes very challenging. So, in order to design 
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an array antenna for future it is imperative that single element is designed using the 

right substrate permittivity and thickness. 

▪ The next step is selecting the resonant frequency of operation, band-width (BW) and 

realized gain. These parameters are the goal functions and they are independent of each 

other. For this chapter, the requirements for LP ACMSA are different for different 

frequencies.  

▪ The next step is to calculate the patch length (lp) for the required frequency. The 

equation for calculating the length is  

𝑙𝑝 =
𝜆𝑔

2
=

300

2×𝑓𝑐×√𝜀𝑟
………………………………………..(1) 

For feed line width, the equation can be found from literature 

▪ The next step is the approximation of other parameters. Patch width can be set as the 

1.2 times the patch length (𝑤𝑝 = 1.2 × 𝑙𝑝). Substrate length and width can also be the 

same and can be approximated as 𝑤 = 𝑙 = 3.5 × 𝑙𝑝. Slot length (ls) can be set as 𝑙𝑠 =

0.8 × 𝑙𝑝. Slot width (sw) can be 𝑠𝑤 = 𝑙𝑝/10. Feed length (f1) can be set as 𝑙1 = 𝑙𝑝/3 

and the space between the ‘Y’ arms (l2) can be approximated as 𝑙2 = 0.7 × 𝑙𝑝. The 

stub length (l4) is also very important and sensitive parameter and that can be 

approximated as 𝑙4 = 0.2 × 𝑙𝑝. 

▪ The next step is to set up the CST simulation environment and design the antenna using 

parameters. The E- and H-field boundary conditions were then set and results are then 

followed by the simulation and result analysis.  

▪ After the simulation, it is checked if the reflection coefficient, bandwidth, radiation 

pattern and realized gain are satisfactory or need modification. 

▪ If the required properties need modifications, it is optimized changing one parameter at 

a time and using the parameter sweep function in the CST MWS.  
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▪ The requirement of S11 is generally below -10 dB and is obtained by varying slot length 

(ls), stub length (l4), feed length (l1) and slot width (ws) one at a time. Generally, to 

move the resonant frequency, patch length (lp) is varied in the beginning and for further 

resonance slot length (ls) and stub length (l4) is varied. For even further matching 

condition other parameter such as feed length (l1), slot width (ws) etc. are optimized.  

▪ The optimization process can be long depending on the mesh spacing and size of the 

antenna. Also, the simulation is basically iteration of different parameters sweep one at 

a time in the beginning then combination of different parameters sweeps at the same 

time until required result is obtained. The flow chart of the whole design process is 

summarized in the Figure 3. 17. 

 

 

LP ACMSA 
Design

Select substrate 
material and thickness

Set resonant 
frequency, BW and 

realized gain

Calculate Patch length 
(lp) from theory

Calculate feed width 
(both 50 Ω and 100 Ω )

Set initial values as:
l=w=3.5×lp, wp=1.2×lp

ls=0.8×lp, ws=lp/10
l4=0.2×lp, l1=lp/3

l2=0.7×lp

End

S11, BW and Gain 
satisfactory?

Change lp, then ls, l4 
and ws, wp serially

Simulate using CST 
MWS

 

Figure 3. 17 Design guideline for LP ACMSA development 
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3.7  Conclusions 

Three single element LP ACMSA antennas for three bands, L-, Ku- and Ka-bands, are 

developed in this chapter. This chapter starts with an overview of the LP ACMSA antenna 

design, then a review of the LP ACMSA antenna with its benefits, advantages over other 

feeding structures is discussed. Then design requirements and design procedures of L-, Ku- 

and Ka-band antennas are discussed elaborately. The reason for choosing linearly polarized 

antenna is to offer the radiometer system to have a separate or isolate polarization of either 

horizontal or vertical direction. Computing Stokes’ parameter requires horizontal and vertical 

polarization separately to find the brightness temperature which is a key factor towards the 

approximation of the moisture content of the soil. The literature review part discusses and 

reasons the motivation of the research of LP ACMSA antenna. Simulation helps to design for 

three different band antennas and model them. Measurement part proves the concept and boosts 

the idea of having another polarization or in other words dual polarized (DP) antenna which is 

investigated in the next chapter. Finally, a thorough investigation of the parametric dependence 

or analysis to understand the design process which leads to a design guideline for future 

endeavours to design LP ACMSAs completes this chapter. 
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4 Dual Polarized Antenna 

4.1 Overview 

The next logical step after designing the LP ACMSA is to upgrade the design to dual polarized 

ACMSA (DP ACMSA). A detail study is conducted on DP ACMSA in this chapter. The goal 

to design radiometer antennas, that work in three different frequencies which are L-, Ku- and 

Ka-bands, that require two orthogonal polarizations in order to obtain radiation from both 

polarizations and finally calculate the Stoke’s parameters to obtain the brightness temperature, 

a key variable to measure soil moisture. Theoretically, DP antennas can be sensitive of both 

horizontally and vertically polarized signals simultaneously. This way, both polarizations can 

be used to handle double data from two polarizations. It is also useful to compare between two 

polarizations.  

A detail study is performed on the dual polarized antennas to explore literature to find the 

suitable match (high port-to-port isolation, low cost, low profile, lightweight, wideband, wide-

beam). After thorough research conducted in the literature review chapter, the aperture coupled 

feeding technique is found to be a suitable technique to pursue for the radiometer antenna 

because of its planar structure, low profile and easier to fabricate features.  Moreover, because 

of the configuration, two orthogonal feeds can be placed in different layers enabling a higher 

isolation between ports. A high isolation between ports is an essential requirement as signal 

received by one port should not interfere with the other. Hence, DP antennas are developed 

using DP ACMSA with separate feed layer design technique, which are comprehensively 

presented here. This chapter goes as follows- 

- First, a literature review is performed on low profile, low cost dual polarized antenna 



Chapter 4: Dual Polarized Antenna  68 

- Next, for higher port-to-port isolation, double feed layered design is chosen. 

- Then, for L-band a single element DP ACMSA is designed 

- After designing, optimization comes next of the design 

- Next, similarly Ku- and Ka-band antenna are designed and optimized 

- Parametric study of all three bands is then summarized. 

- Lastly, a design guideline is presented for designing DP ACMSA in all three bands. 
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This development of the low profile, low cost, lightweight, high isolation and gain dual 

polarized antenna meets the requirement of a commercially realizable radiometer, which is 

capable of sensing soil moisture data from both polarizations.  

4.2 Review 

The goal of this chapter is to design a suitable DP element antenna that can be transformed into 

an array for the radiometer in three separate frequencies. From the literature review discussed 

in Chapter 2 it is observed that some of the designs lack port-to-port isolation, some of them 

have low gain, some of the are bulky and not planar, some of them operate at lower frequency 

and not found to be working at higher frequency. Upon considering all the factors, aperture 

coupled feeding technique is chosen for the dual polarized configuration similar to the linear 

polarized antenna discussed in the previous chapter. 

The main advantages of the aperture coupled feeding for the dual polarized antenna are –  

• Low profile design compared to horn antenna, dipole, bi-conical antenna etc. 

• Less expensive than horns, dipoles and bi-conical antennas.  

• Planar structure is an important advantage which is not present in other structures such 

as horn, dipole and bi-conical structure. 

• High isolation is achievable due to the physical distance between the ports. 

• Gain is quite high, and it has symmetric and similar electric and magnetic field. 

• For multi-band feature, the feed layers can be placed in a stacked layer configuration 

making the design process less complicated and easy to fabricate. 

• As this design is a continuation from the previous chapter, LP ACMSA, only a feed 

layer is modified along with the extra slot in the ground plane. The simulation and 

modification is easier for this structure. 
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4.3 Theory and design of DP ACMSA 

In this section, the working principal of a dual polarized single element aperture coupled 

microstrip antenna is discussed. The configuration of the DP ACMSA is very much similar to 

the configuration of the LP ACMSA discussed in the last chapter. The main difference is that 

there is another feed line or port orthogonal to the LP ACMSA and the shape of the slot is 

‘cross’ instead of ‘rectangular’. The new feed line is etched in another layer of the substrate 

and is placed between the patch layer and ground layer. The idea behind placing this layer in 

between the patch and the ground layer is to ensure equal distant from the ground layer to the 

feed layer.  

This DP ACMSA has the same planar, light-weight, high gain, wide beam feature. It also has 

two polarizations and a high isolation between ports. The reason for this high isolation 

requirement is to ensure two ports receive power without affecting each other. Plan view and 

expanded 3-d view is shown in Figure 4. 1.  

 

This DP ACMSA has one extra substrate layer than the DP ACMSA for and extra feed 

line/network. The length and width of the substrate layers are identical as the operating 

X

Y

Feed 1

Feed 2

Patch

Slots

Stubs

w

l

wp

lp

l1

l2

l3

lsws

l4

 

(a) 

 

(b) 

Figure 4. 1 Layout of the single element DP ACMSA (a) plan view and (b) expanded 3-D view 
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frequency for both polarizations are the same or 𝑙 = 𝑤. The size of the patch is also a square 

to ensure the same radiating edge and this length should come from the same equation 

discussed in the previous chapter or mathematically 𝑙𝑝 = 𝑙𝑤. The patch layer is in the top layer 

of substrate followed by one polarization (can be horizontal or vertical), then ground plane and 

finally the other feed layer (could be vertical or horizontal). The shape of the feed is similar to 

the DP ACMSA but just one extra layer of substrate at the middle. The shape of the slot in the 

ground plane is different than that of DP ACMSA. This is because the slots let the radiation 

through the slot edges to the patch layer. Logically for one feed line, a rectangular slot is 

required which is orthogonal to the direction of the feed, so for another polarization orthogonal 

to the existing one another slot orthogonal to the existing slot is needed. Thus, the shape of the 

slot is like a ‘cross’. The feed line is ‘Y’ shaped with an extension for stub just as the same as 

DP ACMSA. Basically, the radiation occurs the same way as DP ACMSA but in this case from 

two different polarizations.  

A similar design but with common orthogonal offset slots with straight feed line with 

orthogonal stub is explored and published in the author’s one of the publications [219]. This 

cross-slot design surely gives additional isolation and better current distribution than any other 

aperture coupled structure. 

4.4 Design and simulation details of the DP ACMSA 

Commercially used designing software CST 2017 MW (Computer Simulation Technology) is 

used throughout in this designing process. Designing a multi-layer structure for three different 

frequencies is a challenging task and moreover practical aspect and availability and precision 

of material and fabrication techniques have to be considered before designing. To begin with, 

a commercially viable material TLX-8 with 0.127 mm of thickness is chosen as substrate. The 

patch length, width and 50 ohm line  width are calculated from theoretical equations presented 
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in [79]. The ground plane has a cross shaped slot which needs to be matched with the patch’s 

resonant frequency and the feed lines are also needed to be optimized for overall matching.  In 

the following subsections, L-, Ku- and Ka-band antenna designing processes are discussed. 

4.4.1 DP ACMSA design specification for the radiometer antenna 

Following specifications are initially set for developing a single element dual polarized antenna 

for L-, Ku- and Ka-bands. These specifications will ensure that when designing the array 

antenna in dual-polarized polarization is completed, the design requirements are satisfied. 

• Gain: Gain for a single element DP antenna should be more than 6.5 dBi in all three 

bands. This is set to ensure that the array antenna after beam shaping has a high gain which is 

essential for the radiometer antenna. 

• Bandwidth: Bandwidth is one of the most important properties of an antenna. In general, 

radiometer antennas are narrow band with high quality factor. The design requirement is set to 

have 25 MHz (1.8%) for the L-band, 200 MHz (1%) for the Ku-band and 2 GHz (5.4%) for 

the Ka-band. The reason is purely to focus the antenna beam onto the area of interest. 

• Cross-polar isolation: Cross-polar isolation is to be set as low as possible. The 

requirement is set to have less than 25 dB 

• Port-to-isolation: port-to-isolation is to be set as high as possible. The requirement is 

set to have less than -25 dB 

• Beamwidth: The beamwidth of a single element and an array will be different as 

increasing the number of elements in an array will narrow the beamwidth. For a single element 

DP ACMSA, the beamwidth is set to have around 65°.  

These design specifications are summarised in the Table 4. 1 below: 
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4.4.2 L-band DP ACMSA 

 

4.4.2.1 Parameter values  

As mentioned earlier, a similar design to the previous chapter is presented. The configuration 

of the L-band antenna is shown in Figure 4. 1. The substrate is chosen to be TLX-8 with 0.127 

mm thickness. The length and width of the patch are the same to ensure the same resonant 

frequency for both polarizations, lp = wp = 62 mm. The feed length of the layer between the 

patch and the ground plane, l1 = 60 mm. Feed line width is the same as 50 Ω line and is constant 

at 0.35 mm. The extension of the Y branch of this feed is l2 = 18 mm. The arms of the feed 

lines are l3 = 48 mm. The stub is l4 = 4 mm. Substrate is square shaped and the length and 

width are also the same l = w = 120 mm. The slot length is ls = 23 mm and slot width ws = 5 

mm. For the feed below the ground plane, l1= 55mm, l3 = 50mm, and stub, l4 = 5mm.  

Table 4. 1 Design target for DP ACMSA 

Antenna parameter Target value for single DP 

ACMSA 

Target value for 8 × 8 array 

after beamforming 

Gain 6.5 dBi 22 dBi 

Bandwidth 25 MHz (L-), 200 MHz 

(Ku-), 1.5 GHz (Ka-band) 

25 MHz (L-), 200 MHz 

(Ku-), 1.5 GHz (Ka-band) 

Beamwidth ~ 65° ~ 10° 

Cross-polarization < −25 dB < −25 dB 

Isolation < −25 dB < −25 dB 
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4.4.2.2 Simulation Result 

Simulation was run using the dimensions mentioned above but the values of the slot length, 

slot width, feed line dimensions were optimized to find the best result. Because this antenna is 

dual polarized that means in the S-parameter results S11, S12, S21 and S22 are present. 

Because S11 and S22 are the reflection coefficient for port 1 and port 2 or horizontal and 

vertical polarizations. Curve of the S11 and S22 are identical due to symmetry. Similarly, the 

S12 and S21 are also identical due to the symmetry.  

 

Figure 4. 2 shows S-parameter results at L-band at 1.4 GHz. Figure 4. 2 (a) shows the S11 and 

S22 which indicates the reflection loss of port 1 and port 2 respectively. Both S11 and S22 

resonate at 1.4 GHz having a bandwidth of around 180 MHz which is larger than the 25 MHz 

requirement.  The magnitude of S11 and S22 are both below -30dB indicating less than 0.1% 

reflection loss. S21 or S12 shows the power received by one port when the other is transmitting. 

A higher isolation means both ports are separated in such a way that only 0.01% power is being 

received by one port while another port is transmitting. A minimum interference is expected 

and is achieved in this case. 

 

(a) 

 

(b) 

 

Figure 4. 2 (a) S11 and S22 and (b) S21 for L-band DP ACMSA single element antenna 
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Figure 4. 3 shows the electric and magnetic field co and cross polar radiation patterns for both 

horizontal and vertical polarizations. Co-polar electric and magnetic field magnitude or both 

poles are approximately 7.7 dBi proving the validity of a high gain element. One thing is worth 

mentioning that, for doubling the element number, ideally 3 dB gain increase can be expected.  

The cross-polarization can be defined as the ratio of the power coupled between the two 

polarization ports of a dual polarized antenna. The cross-polar level is below -30 dB overall 

and at 0°, it is below 70 dB of the main lobe for both electric and magnetic fields. Both co- and 

cross-polarization patterns are symmetrical around 0° and 180° axis. 

 

 

4.4.3 Ku-band 

Ku-band is designed to resonate at 18.7 GHz with a bandwidth of minimum 150 MHz, 

reflection coefficient or S11 below -10 dB, with 25 dB isolation between ports and a minimum 

gain of 6 dBi. 

 

(a) 

 

(b) 

Figure 4. 3 Radiation pattern for single element DP ACMSA L-band antenna. (a) E- and (b) H-plane 
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4.4.3.1 Parameter values for DP ACMSA 

The antenna configuration is similar to that of the L-band antenna. The plan view and 3-d view 

are shown in Figure 4. 1. The parameters of the design are optimized after rigorous research 

and simulation and the final values are presented. The substrate was TLX-8 with a thickness 

of 0.127 mm for all layers. The length and width of the patch are the same as this is a square 

patch with, lp = wp = 4.8 mm. The feed length l1 = 4.1 mm. Feed line width is the same as 50 

Ω line and not is not something optimized but fixed. The line width is set as 0.35 mm. The 

extension of the Y branch of the feed is l2 = 1.5 mm. The arms of the feed lines are l3 = 3 mm 

each. The stub length is l4 = 1.1 mm. Substrate length and width are also the same l = w = 8 

mm. The slot length is ls = 3 mm and slot width ws = 0.3 mm. 

 

4.4.3.2 Simulation Result 

Simulation results are obtained using CST MW 2017 software. S-parameters and radiation 

pattern are generated after rigorous research and optimization.  

Figure 4. 5 (a) shows the S11 and S22 of the designed Ku-band DP ACMSA antenna. Both 

S11 and S22 are resonated at 18.7 GHz meaning a well-matched condition is achieved at the 

desired frequency. The magnitude of the S11 and S22 are both below -25 dB meaning only less 

than 0.3% power being reflected. The bandwidth is also approximately 850 MHz which is 

above the requirement. In (b) of Figure 4. 5, isolation between ports or S21 is shown and it can 

be observed that the isolation is well below -40 dB throughout the spectrum. 
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Figure 4. 4 (a) and (b) show the electrical and magnetic field radiation pattern of the designed 

Ku-band element DP ACMSA antenna. The gain for the electric field co-polar is 8.3 dBi 

making this a very good candidate for array implementation. The cross-polarization for electric 

field is also very small. At 0°, the cross-polarization level is around -75 dB from the main lobe. 

Magnetic field radiation pattern also follows similar result like the electric field. The co-polar 

gain is maximum at 0° and the magnitude of gain is 8.0 dBi. The cross-polar level is -70 dB 

 

(a) 

 

(b) 

Figure 4. 5 (a) S11 and S22 and (b) S21 for K-band DP ACMSA single element antenna 
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(a) 

 

(b) 

Figure 4. 4 Radiation pattern for single element DP ACMSA K-band antenna. (a) E- and (b) H-plane 
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below the main lobe at 0°. Both the electrical and magnetic fields are symmetric along 0° and 

180° axis. 

4.4.4 Ka- band 

Ku-band is designed to resonate at 37 GHz with a bandwidth of minimum 1 GHz, reflection 

coefficient or S11 below -10 dB, with 25 dB isolation between ports and a minimum gain of 6 

dBi. 

4.4.4.1 Parameter values for DP ACMSA 

The aperture coupled configuration of the Ka-band antenna is similar to what is shown in 

Figure 4. 1. In this study the values of the parameters are as follows. The substrate was TLX-8 

with a thickness of 0.127mm. The length and width of the patch are the same, lp = wp = 2.4 

mm. The feed length l1 = 1.92 mm. Feed line width is the same as 50 Ω line and not set as a 

variable. The extension of the Y branch of the feed is l2 = 0.82 mm. The arms of the feed lines 

are l3 = 1.3 mm. The stub is l4 = 0.7 mm. Substrate length and width are also the same l = w = 

4 mm. The slot length is ls = 2 mm and slot width ws = 0.2 mm. 

4.4.4.2 Simulation Result 

Simulation results are obtained using CST MW 2017 software. S-parameters and radiation 

pattern are generated after rigorous research and optimization. Figure 4. 7 (a) and (b) show the 

S-parameters of the Ka-band antenna. As the antenna is passive, S21 and S12 are identical. S11 

and S22 show very well-matched behaviour at 37 GHz with around 2 GHz bandwidth. The 

magnitude of the reflection is less than 25 dB meaning only 0.3% or less reflection. S21 or 

isolation is shown in figure (b) where it is less than -40 dB in the overall spectrum. -40 dB 

accounts for 0.01% of power interference between ports and is a very negligible amount for 

this study. 
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Figure 4. 6 (a) and (b) show the radiation pattern of the electric and magnetic field respectively. 

Electric field main lobe of the co-polar orientation shows a maximum gain of 8.2 dBi at 0° for 

port 1 and for port 2 it is around 8.15 dBi. Cross-polarization level is at least 50 dB less than 

the main lobe at 0°. Both co-polar and cross-polar pattern show symmetry around 0° and 180° 

axis. Similarly, magnetic field main lobe of the co-polar orientation shows a maximum gain of 

8.7 dBi at 0° for port 1 and for port 2 it is around 8.69 dBi. Cross-polarization level is at least 

 

(a) 

 

(b) 

Figure 4. 7 (a) S11 and S22 and (b) S21 for Ka-band DP ACMSA single element antenna 

 

 

 

(a) 

 

(b) 

Figure 4. 6 Radiation pattern for single element DP ACMSA Ka-band antenna. (a) E- and (b) H-plane 
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55 dB less than the main lobe at 0°. Both co-polar and cross-polar pattern show somewhat 

symmetry around 0° and 180° axis.  

 

4.5 Measurement results 

In this study a DP Ku-band antenna was fabricated and measured as the proof of concept. 

Details of the structure and measurement results are discussed in the next sections. 

4.5.1 Structure 

The structure of the Ku-band LP ACMSA is the same as shown in Figure 4. 1. The substrate is 

TLX-8 with a thickness of 0.127 mm. Similar to the simulation the length and width of the 

patch are kept, lp = wp = 4.8 mm. The feed length l1 = 4.1 mm. Feed line width is the same as 

50 Ω line and is 0.35 mm for a given substrate of fixed thickness. The extension of the Y branch 

of the feed is l2 = 1.5 mm. The arms of the feed lines are l3 = 3 mm. The stub is l4 = 1.1 mm. 

 

 

(a) 

 

(b) 

Figure 4. 8 (a) Fabricated DP ACMSA antenna at Ku-band (18.7 GHz) (b) feed and ground layer size comparison 
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Substrate length and width are also the same l = w = 8 mm. The slot length is ls = 3 mm and 

slot width ws = 0.3 mm. The designed antenna is then fabricated and is shown in Figure 4. 8 

 

4.5.2 S-parameter result 

The fabricated antenna is measured using a vector network analyser (VNA) from Agilent’s 

programmable network analyser (PNA) E8361A series. The results of S-parameter are shown 

in Figure 4. 9. The deviation between the simulated and the measured result is due to the 

fabrication precision and assembly error. Both the reflection coefficients (S11 and S22) 

resonate at 18.7 GHz. The S11 and S22 level for both measurements is below -20 dB showing 

an excellent impedance matching. For the isolation, the measured isolation level is more than 

35 dB. The mismatch between the simulation and measurement is due to the fabrication and 

assemble error. 

4.5.3 Radiation pattern 

Radiation pattern of both the simulated and measured DP ACMSA Ku-band is shown in 

Figure 4. 10. From the figure it can be observed that the measured and simulated patterns 

have similar shape. The main-lobe or co-polar level of the measure Ku-band DP antenna for 

 

 

(a) 

 

(b) 

Figure 4. 9 Simulation and measured (a) reflection coefficient and (b) isolation of Ku-band DP ACMSA antenna 
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both electric and magnetic fields are around 7.2 dBi. The cross-polarization is less than -40 

dB. The cross-polarization level of the measured result follows the simulation result with 

some mismatch.  

The mismatches are due to fabrication error and assemble issues which are very normal because 

of the tiny size, connector losses, soldering losses.  

 

(a) 

 

 

 

(b) 

 

(c) 

 

 

(d) 

Figure 4. 10  Radiation pattern of (a) E- plane co polar, (b) E- plane cross polar, (c) H- plane co polar and (d) H- plane 

cross polar orientation of single element Ku-band DP ACMSA antenna in both simulation and measured 
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4.6 Study of different parameters 

In this section, a detailed study is presented to document how different parameters play role in 

the design process.  

4.6.1 Substrate permittivity 

Permittivity of the substrate determines the electric field distribution in the substrate hence is 

an important parameter to study. In reality, substrates are found in sheets with pre-fabricated 

thicknesses. It is important to choose a substrate according to the requirement of the study, so 

upon deciding a fixed thickness which is 0.127 mm, a standard thickness, the permittivity was 

varied in CST MW Studio 2017 to observe the effect of permittivity in designing process. 

 

 

In Figure 4. 11, S11 and S22 or reflection coefficient is plotted against different values of 

permittivity ranging from 1 to 4.5 for all L-, Ku- and Ka-bands. All three bands show a resonant 

 

(a) 

 

(b) 

 

(c) 

 

Figure 4. 11 Effect of dielectric constant on S11 and S22 for (a) L-, (b) Ku- and (c) Ka-band 
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situation where best matching occurs. Sharpness of the dip shows bandwidth variation in this 

case. Also, the level of matching is another factor which might be dependent on the substrate 

permittivity. For very low permittivity matching was harder and not as the same as of higher 

permittivity. In this simulation, a material was created with similar loss tangent as of TLX-8 

lossy and the permittivity was set variable to be swept. Also, the realized gain is a function of 

permittivity shown in Figure 4. 12. For lower and higher value of permittivity gain were found 

very low as matching and other losses were very prominent. This is because the design was 

designed for a commercially available substrate (TLX-8) and thus it matches for its permittivity 

(which is 2.55) only and other values yield larger mismatch and loss.  

 

4.6.2 Effect of Patch Length 

Patch length plays vital role determining the radiation edge. The longer the patch length is the 

more wavelength is radiated and hence lower frequency. In this study both horizontal and 

 

(a) 

 

(b) 

 

(c) 

 

Figure 4. 12 Effect of dielectric constant on realized gain for (a) L-, (b) Ku- and (c) Ka-band 
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vertical polarizations are designed hence the shape of the patch is square. The effect of patch 

length variation over reflection coefficient, and realized gain, the patch length is varied, and 

the results are summarised in Figure 4. 13 and Figure 4. 14. In Figure 4. 13 S11 and S22 

variation is shown which is the measure of reflection coefficient or matching.  

Changing the patch length from its optimum value results S11 and S22 shifting upward or 

poorer direction in all three frequencies but the rate of change is different for individual. In the 

higher frequencies the change is seen more abrupt in general. Realized gain shows similar trend 

as here as well and it is shown in Figure 4. 14. It can be concluded that realized gain, S11 has 

optimized value where they show resonance and at other values, they show poor responses 

depending on their frequency range and bandwidth. 

 

 

(a) 

 

(b) 

 

(c) 

 

Figure 4. 13 Effect of patch length on S11 and S22 for (a) L-, (b) Ku- and (c) Ka-band 
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4.6.3 Effect of Slot length 

Slot length variation varies the amount of radiation going from the feed through the ground 

layer to the patch layer. Also, it varies the radiation level. Instead of using the traditional 

rectangular slot, improved shapes of slots may improve performance for different requirements. 

A cross shaped slot is designed in this design and the length of the slot is varied. Length and 

position of the slot determines the point where the patch is being excited and thus it plays vital 

role for matching. Figure 4. 16 shows the effect of slot length over S11 or reflection coefficient. 

As expected, slot lengths have matching or resonant length for each frequency. Effect of slot 

length over bandwidth can also be realized from this study or at least can get a general pattern 

from it. Realized gain shows similar matching or optimized length for each of the frequency. 

Other lengths except the optimized result low realized gain as mismatch occurs. This effect of 

slot length over realized gain is shown in Figure 4. 15. 

 

(a) 

 

(b) 

 

(c) 

 

Figure 4. 14 Effect of patch length on realized gain for (a) L-, (b) Ku- and (c) Ka-band 
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(a) 

 

(b) 

 
(c) 

  

 

Figure 4. 16 Effect of slot length on S11 and S22 for (a) L-, (b) Ku- and (c) Ka-band 
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(a) 

 

(b) 

 
(c) 

  

 

Figure 4. 15 Effect of slot length on realized gain for (a) L-, (b) Ku- and (c) Ka-band 
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4.6.4 Effect of slot width 

Slot width also affects the coupling level from the feed layer through the ground layer to the 

patch layer. General size of the slot should be, where the length is about ten times the width. 

The wider the slot the more reactance it induces which can be cancelled adjusting the stub 

length. Figure 4. 17 and Figure 4. 18 show the S11/S22 and realized gain variation for the slot 

width variation. For S11 and S22 results, it can be seen that the variation of the slot width tends 

to shift the reflection coefficients from less matched to well matched and then again moving 

away towards less matched result. The change in the matching also has and impact of frequency. 

As frequency changes to higher frequency from lower frequency, the matching becomes very 

sensitive or in another words the matching becomes difficult. This is shown in Figure 4. 17. 

The slot width is one of the limiting dimensions when it comes to fabrication process as this 

becoming the smallest etched portion of the substrate. The realized gain variation also follows 

 

(a) 

  

(b) 

 

(c) 

 

Figure 4. 17 Effect of slot width on S11 and S22 for (a) L-, (b) K- and (c) Ka-band 
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similar trend as the reflection coefficient as it becomes very low magnitude at a less matched 

configuration. Again, it becomes difficult to design for the higher frequency than a relatively 

lower frequency. The change in the realized gain is shown in Figure 4. 18. In general, the effect 

of slot width is less compared to few of the other variables as the realized gain tends to shift 

within 30% to 35% of the maximum value. 

 

4.6.5 Effect of stub length 

 Stub length is tuned to minimize the excess reactance of the slot. Tuning the stub length 

changes the reflection coefficient and also the realized gain of any ACMSA. It is very important 

that the matching between the port which has a fixed 50 Ω impedance and the antenna is very 

well matched so that the S11 and S22 lies on the unit circle on the x-axis of the smith chart.  

 

(a) 

 

(b) 

 

(c) 

 

Figure 4. 18 Effect of slot width on realized gain for (a) L-, (b) K- and (c) Ka-band 
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(c) 

 

Figure 4. 19 Effect of stub length on S11 and S22 for (a) L-, (b) K- and (c) Ka-band 
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Figure 4. 20 Effect of stub length on realized gain for (a) L-, (b) K- and (c) Ka-band 
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In Figure 4. 19, variation in S11 and S22 is plotted against the stub length. Stub length 

adjustment shifts the reflection coefficient from not matched to well matched to not matched 

again. Again, as the frequency goes from L-band to Ka-band or lower to higher the change 

becomes more abrupt. Similarly, for the realized gain, changing the stub length, changes the 

realized gain. The change in the realized gain is around 5 dB meaning the realized gain is very 

much tuneable by stub length variation.  

 

4.6.6 Summary of the parametric study 

Designing DP ACMSA is a very challenging task in three different frequencies maintaining 

the same configuration. A number of factors or parameters play roles in designing the antenna 

such as the substrate, patch length, feed length, slot length and width, stub length and so on. In 

the previous section all these parameters were varied, and their effect was observed. In the next 

section a design guideline is presented.  

In Table 4. 2 effect of few parameters such as substrate dielectric constant (Ɛr), length of the 

patch (lp), width of the patch (wp), feed length (l1), stub length (l4), slot length (ls), slot width 

(ws), substrate width (w) and substrate length (l) are summarized.  

It is observed that the effect of changing the substrate permittivity (𝜀𝑟) and substrate thickness 

(h) have a significant effect on the antenna performance than other parameters. As not every 

substrate with every dielectric constant is available in the market, so a fixed substrate with 

fixed thickness is first selected. The next parameter that should be fixed is the patch length (lp). 

The length has a direct proportional relationship with the centre frequency of operation. Hence 

increasing the length increases the radiation edge and hence the centre frequency, the antenna 

radiates the most only at a certain matching condition. The length of the patch is hence to be 

fixed as well for a certain frequency of operation. Similarly, as the substrate and its thickness 
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are fixed, a 50 Ω line will have a constant thickness which should not be varied while 

optimizing. All the other parameters can be varied up to a limit except these parameters. The 

substrate permittivity and height/thickness must be fixed for practicality of the design and the 

patch length is found from the theory hence cannot be changed. The other dominant parameters 

that result in larger variation are the slot length (ls), stub length (l4), width of the slot (ws) and 

few others. The slot length variation varies the point of excitation on the patch and has similar 

effect of changing feeding position of the coaxial cable in coaxially fed antenna. At the right 

slot length, the S11 / S22 or the reflection coefficient hits the optimum point and change 

abruptly with further change in this parameter. Next, the stub length (l4) is vital obtaining the 

matching of impedance. Changing the stub length changes the reactance of the impedance 

hence changes the matching condition. Again, at a certain frequency, the stub length must be 

fixed at a certain value and just a little variation in that length results huge variation in the S11 

of reflection coefficient. The slot width (sw) controls the amount of excitation going through 

the ground plane and hence vital designing the antenna. The feed length (l1) also has impact as 

 

Table 4. 2 Summary of the effect of different parameter changes 

Parameter 
names 

Effect on 
the S11 / 

S22 
Realized 
Gain Comments 

ᵋr U D  S11 / S22 and Realized gain change moderately 

lp DU UD S11 / S22 and Realized gain change abruptly 

wp D  - S11 / S22 changes but realized gain not so 

l1 UDU DUD Matching is affected so are S11 / S22 and gain 

l4 UDU DUD Stub is crucial to matching, S11 / S22 and gain change abruptly 

ls UDU DUD Amount of excitation affects S11 / S22 and gain 

ws U D S11 / S22 and Realized gain change moderately 

w - - Not much effect 

l - - Not much effect 

* U = upwards 

* D = downwards 
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this controls the feed position and hence the matching. There are also other parameters that 

change the performance of the antenna such as the width of the ‘Y’ arm of the feed and width 

of the patch (wp) but they are changed to tune the matching circuit only after fixing other 

important parameters beforehand. There is also another very important parameter which is 

found theoretically and is fixed independent of the frequency and operation and that is the 

width of the feed which should be of 50 Ω always. The isolation between the ports depend on 

the feeding technique and the physical distance between the ports. The configuration chosen in 

this study has a very high isolation between ports compared to some other designs. A cross 

shaped slot and different layered feed lines ensure this high isolation between ports so that a 

high isolation is maintained in all three frequencies.  In the next section a complete design 

guideline is presented after documenting these parameters variation. 

 

4.6.7 Design guideline for DP ACMSA 

A brief design guideline is presented here for designing DP ACMSA for a frequency range 

between L-band (1.4 GHz) and Ka-band (37 GHz).  

• The first task is to choose the substrate with a suitable permittivity (𝜀𝑟) and thickness. 

As commercially not every thickness is not available. Substrate thickness of about 0.01 

λ to 0.02 λ is better for feed substrate. For patch substrate, thicker substrate with lower 

permittivity is preferable but the same substrate can be chosen for conformity and cheap 

price. As this design is going to be implemented in an array hence selecting the right 

substrate and thickness is very crucial. 

• The next task is to select the resonant frequency and bandwidth of operation.  

• The next step is to calculate the patch length (lp) for the required frequency. The 

equation for calculating the length is  
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𝑙𝑝 =
𝜆𝑔

2
=

300

2×𝑓𝑐×√𝜀𝑟
…………………………………………….(1) 

Where, 𝑓𝑐  is the resonant frequency and 𝜀𝑟  is the relative dielectric constant, and 𝜆𝑔  is the 

guided wavelength. 

As this is a dual polarized configuration, hence the length and the width should be the same. 

• Other parameters can be approximated as follows. Substrate length and width can also 

be the same and can be approximated as 𝑤 = 𝑙 = 2 × 𝑙𝑝. Slot length (ls) can be set as 

𝑙𝑠 = 0.9 × 𝑙𝑝. Slot width (sw) can be 𝑠𝑤 = 𝑙𝑝/10. Feed length (f1) can be set as 𝑙1 =

𝑙𝑝/3 and the space between the ‘Y’ arms (l2) can be approximated as 𝑙2 = 0.8 × 𝑙𝑝. 

The stub length (l4) is also very important and sensitive parameter and that can be 

approximated as 𝑙4 = 0.3 × 𝑙𝑝. 

• The next step is to set up the CST simulation environment and design the antenna using 

parameters. Setting up the boundary conditions and results are then followed by the 

simulation and result analysis.  

• After the simulation, results are checked, and parameter sweep is prepared. 

• If the required properties need modifications, it is optimized changing one parameter at 

a time and using the parameter sweep function in the CST MWS.  

• The requirement of S11 is generally below -10 dB and is obtained by varying slot length 

(ls), stub length (l4), feed length (l1) and slot width (ws) one at a time. Generally, to 

move the resonant frequency, patch length (lp) is varied in the beginning and for further 

resonance slot length (ls) and stub length (l4) is varied. For even further matching 

condition other parameter such as feed length (l1), slot width (ws) etc. are optimized.  
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• The optimization process can be long depending on the mesh spacing and size of the 

antenna. Also, the simulation is basically iteration of different parameters sweep one at 

a time in the beginning then combination of different parameters sweeps at the same 

time until required result is obtained. The flow chart of the whole design process is 

summarized in the Figure 4. 21 

• This flow chart only helps to start the design with initial values. As the optimization 

continues, it might be required to tweak few parameters to achieve best optimization in 

terms of reflection coefficient, gain and isolation etc. 

 

DP 
ACMSA 
Design

Select substrate 
material and 

thickness

Set resonant 
frequency, BW and 

realized gain

Calculate Patch 
length (lp) from 

theory

Calculate feed 
width (both 50   

and 100   )

Set initial values as:
l=w=2×lp, wp=lp

ls=0.9×lp, ws=lp/10
l4=0.3×lp, l1=lp/3

l2=0.8×lp

End

S11, BW and Gain 
satisfactory?

Change lp, then ls, 
l4 and ws, wp 

serially

Simulate using CST 
MWS

 

Figure 4. 21. Design guideline for DP ACMSA development 
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4.7 Conclusions 

Three single element DP ACMSA antennas are designed and developed in this chapter. Three 

separate frequencies with specific bandwidth, isolation and gain were considered as the design 

requirements. A systematic approach is taken for designing these antennas. A brief theory of 

operation is discussed. Simulation results with all the parameter values are shown followed by 

a measurement result, then a detailed parametric study and finally a design guideline with step 

by step formula is presented. It is found more challenging to design and optimize Ku- and Ka-

band antennas, compared to of L-band due to their small size and higher frequency 

characteristics.  

The main challenge of this chapter was to select the DP ACMSA method for designing the 

antennas. Many other feeding techniques such as co-axial, microstrip line, slot on the ground 

plane were investigated and it was found that DP ACMSA suits the best for the radiometer 

with low profile and planar configuration. To maintain simplicity and symmetry this sacrifice 

is made. For the Ku- and Ka-band, the gain and the isolation are very high. Between the Ku- 

and Ka-bands, the Ka-band has the smaller size making it very difficult to fabricate and 

measure a single element thus no single element Ka-band antenna is fabricated and measured 

but an array is fabricated and discussed in the next chapters. 

During this design, there are many parameters in the antenna that are tweaked to match the best. 

Finding the optimized dimensions of different parameters is a big challenge thus a systematic 

approach to optimize the antenna design to observe which parameter changes what parameter 

is then discussed. A flow chart is then documented to show the findings and a guide to design 

effectively for future. 
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This chapter works as a unit cell for the rest of the chapters, which are the array antenna, beam 

shaping algorithm and multi-band antenna are based on array antenna design and the single 

element from this chapter is used to build these arrays. 
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5 Array Antenna Design 

5.1 Overview 

Linearly polarized (LP) and dual polarized (DP) antennas radiating in L- (1.4 GHz), Ku- (18.7 

GHz) and Ka- bands (37 GHz) are discussed in the previous two chapters. These antennas are 

the perfect candidate for radiometer antenna because of their planar design, high gain, high 

port-to-port isolation and simpler design. The requirement of radiometer antenna system cannot 

be met using a single element antenna as the radiometer system needs to have higher gain and 

low side-lobe levels. Hence an array system is essential to meet the requirement of the 

radiometer system. In this chapter, array antenna is designed, simulated and measured for all 

three L-, Ku-, and Ka-bands starting from 2 × 2 then 4 × 4 and finally 8 × 8 elements. The idea 

behind using three bands is to have the sensitivity of the lower frequency band to penetrate 

deeper into the soil and to have the higher resolution from the higher frequency. Combining 

these lower and higher frequency bands in the same compact aperture is the main challenge 

discussed in this research. For the array antenna development, it is important to design the feed 

network that operates in the corresponding frequency band, has relatively matched reflection 

coefficient or return loss. In this chapter, only uniform distribution of the array configuration 

is discussed so the feed network supplying excitation to the elements is symmetric. The feed 

network or power divider configuration depends on the feeding technique of the array. For the 

power divider network, basic quarter-wavelength transformer power dividers are used. The 

divider network can be sub-divided into two basic categories, (a) corporate of tree structure 

where 1-to-2 way structure is implemented and replicated to get 1-to-N way structure and (b) 

N-way structure where N-way from 1 is directly designed [220]. Groove feed structure for 

slotted array antenna is discussed in [221]. Based on the theory of traveling wave power divider 
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a 1-to-8 way Ka-band power divider is presented in [222]. The problems with such designs are 

the inclusions of the short walls and posts in the substrate for a multi-layered structure. Tapered 

and quarter-wave transformer power divider is discussed in [223] and is the most appropriate 

simpler technique to be adopted. Other popular techniques such as Wilkinson power divider 

[224, 225], hybrid power divider [165], split tee structure [226], multi-layer slot line [227] are 

discussed in many literatures but are not feasible due to the structure of the array.  

If the development of the radiometer system can be divided into many parts and a step-by-step 

approach is taken, then the first step is to design a single element which is discussed in the 

previous chapters. This chapter is dedicated for the array development, and the next chapters 

are to shape the array radiation pattern or beam and retrieval of the moisture.  
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5.2 Theory 

An array of antenna consists of a specific number of element antennas separated by a distance, 

arranged in a specific physical arrangement to achieve a certain radiation pattern. This antenna 

configuration provides a number of advantages such as higher gain than an element, directivity 

and shape of the radiating beam. In an antenna array, there are few parameters that play vital 

role determining the shape and performance of the radiation pattern [79]: 

• The number of elements 

• Shape or geometric arrangement of the array such as linear, rectangular, circular 

and so on. 

• The radiation pattern of the single element antenna 

• The amplitude of excitation of the single element antenna and  

• The phase of excitation of the single element antenna. 

 

The antenna array can be used to:  

• increase the overall gain [228] 

• provide diversity reception 

• cancel out interference from a particular set of directions 

• "steer" the array so that it is most sensitive in a particular direction 

• determine the direction of arrival of the incoming signals 

• to maximize the Signal to Interference Plus Noise Ratio (SINR) 
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5.2.1 Array factor 

An array configuration with identical elements spaced uniformly can be characterized in a 

closed-form expression, function of the array geometry and of the excitation of its elements, 

called array factor (AF). 

For N-element linear array with uniform amplitude and spacing the array factor can be found 

from [79]- 

𝐴𝐹 = 1 + 𝑒𝑗(𝑘𝑑𝑐𝑜𝑠𝜃+𝛽) + 𝑒𝑗2(𝑘𝑑𝑐𝑜𝑠𝜃+𝛽) + ⋯𝑒𝑗(𝑁−1)(𝑘𝑑𝑐𝑜𝑠𝜃+𝛽) 

Where, 𝑘 =
2𝜋

𝜆
, 𝜆 = wavelength, 𝑑 =  inter-element distance between two elements, 𝛽 = 

phase difference of the excitation, 𝑁 = number of elements 

Or, we can write in summation form in- 

𝐴𝐹 = ∑ 𝑒𝑗(𝑛−1)(𝑘𝑑𝑐𝑜𝑠𝜃+𝛽)

𝑁

𝑛=1

 

For this study, spacing between adjacent elements were chosen to be half of the wavelength. 

The new equation for array factor becomes 

𝐴𝐹 = ∑ 𝛿𝑛𝑒𝑗(𝑛−1)(𝑘𝑑𝑐𝑜𝑠𝜃+𝛽)

𝑁

𝑛=1

 

Actually, the distance between two adjacent elements is decided to be 0.7𝜆 as smaller than this 

creates space-proofing challenging. If the distance is over 𝜆, then grating-lobe appears and that 

is avoided. 

5.2.2 Power Divider 

The feed network is the most important component in the design due to the following reasons. 

The first and most important is that this design should operate over a large bandwidth. There 

is more than one element in an array and the network has to supply power to all of them. 
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Supplying the same amount of equiphasic power to all of them requires on-trivial calculations 

and understanding of the transmission line theory. The transmission line width is represented 

by impedance.  

A 1-to-2-way power divider would be made up of these impedances to keep balanced. The final 

feed network is a 1-to-8-way divider. The 2-way tee junction power divider is the heart of the 

design, shown in Figure 5. 1. 

An alternative 1-to-4-way power divider would be made up of these impedances to keep it 

balanced as shown in Figure 5. 2 

 

50  line

100  line

100  line
 

Figure 5. 1 A 1-to-2-way power divider. 

 

50  line

200  line

200  line

200  line

200  line
 

Figure 5. 2 A 1-to-4-way power divider. 
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This means that the microstrip line width would be unrealizable. These small width lines are 

impossible to realize in physical dimensions, so a quarter wave length transformer can be used 

 

Figure 5. 4 A 2-way power divider with 2 quarter wavelength transformers. 

 

 

 

(a) 

 

 

(b) 

 

 

 

(c) 

Figure 5. 3 (a) Schematic of quarter wavelength power divider for Ku-band, (b) S11 of power divider, (c) S21 and S31 of 

power divider in Ku-band 
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to design the power divider. However, still 4-way power divider even when using quarter 

wavelength transformers is not a feasible option. Therefore, choosing the 2-way quarter 

wavelength power divider as the building block of the 8-way final beam shaping network is 

decided. 

The Schematic of 1-to-2-way power divider using quarter wavelength transformation is shown 

in Figure 5. 4. 

Quarter wavelength transformer impedance is calculated from [79] by: 

                    𝑍𝑇 = √𝑍0  ×  𝑍𝐿 

                    Where ZL is the impedance of the feed line = 50 Ω 

                    Z0 is the impedance of the tee junction = 100 Ω 

                    ZT = (50 * 100) ^ 0.5 = 70.7 Ω 

 

Designing for Ku-band at 18.7 GHz result can be seen in Figure 5. 5, where Figure 5. 5 (a) 

shows the quarter wave transformer method of power divider. The substrate of the divider was 

chosen to be TLX-8, the same chosen for the antenna. Due to the fixed thickness of the substrate, 

which was 0.127 mm, the thickness of the 50Ω line was 0.35 mm and for 70.7Ω line it is 0.25 

mm. The simulation result of such divider is shown in Figure 5. 5 (b) and (c) where it is evident 

that at the resonant frequency, the divider network is well matched, and almost half of the 

power is being transferred from port 1 to port 2 and 3 individually. 

5.3 L-band antenna 

L-band antenna requirement is to resonate at 1.4 GHz with a very narrow bandwidth of 25 MHz 

and with port-to-port isolation of over 25 dB. First, 2 × 2 array is designed, then 4 × 4 and 

finally 8 × 8. 
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5.3.1 2 × 2 Array 

For the element cell of the array, DP ACMSA is selected as mentioned in the previous chapter. 

The design of the array is performed using CST MW 2017. First, a power divider for the 2 × 2 

feed network is designed, which is shown in Figure 5. 5 (a). Then on top of the centre of the 

feed network, 2 × 2 patches are placed, shown in Figure 5. 5 (b) so that they are exactly above 

each feed line. Finally, a cross shaped slotted ground plane was designed in the middle of the 

Quarter 
wavelength 

power divider

Slot in the 
ground plane

100   line

70   line

50   line

 

(a) 

Inter element 
distance 0.7λ 

 

(b) 

 

(c) 

Figure 5. 5 (a) Power divider or feed network for the array, (b) patch configuration, (c) 3-d view of the 2 × 2 L-band 

array antenna. 
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2 feed line layers to complete the design shown in Figure 5. 5 (c). The distance between two 

adjacent elements is decided to be 0.7𝜆. If the distance is over 𝜆, then grating-lobe appears. 

Optimal spacing is always a trade-off as smaller inter-element distance will cause strong 

coupling and vice versa bigger distance will cause grating-lobe [79]. 

5.3.1.1 Simulation result 

Simulation was performed using CST MW Studio 2017 after optimizing the design by 

tweaking the feed network parameter. All the boundary condition was checked, and simulation 

environment was set to ideal. The result is presented in this section.  

In Figure 5. 6, S-parameter result is shown in the same figure. S11 and S22 result show very 

good return loss at the resonant frequency (1.4 GHz). Port-to-port isolation or S21 is also less 

than -45 dB throughout the spectrum. In all the cases from hereon, S21 and S12 are overlapped 

and in the figure they actually appear as a single line. The bandwidth is found around 1.6 GHz 

 

Figure 5. 6 S-parameter result for L-band 2 × 2 array antenna 
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ranging from 0.6 GHz to 2.2 GHz. S-parameter result overall shows very good matching and 

minimum coupling.  

Figure 5. 7 (a) and (b) show electric and magnetic field radiation pattern for the L-band 2 × 2 

array antenna. From the electric field radiation pattern, a maximum gain of 13.1 dBi is found 

with 55 dB cross polarization level at 0°. Similarly, for the magnetic field, a gain of 13.0 dBi 

is found at 0°, with a cross polarization level of around 60 dB. This antenna has a decent amount 

of back-lobe radiation which can be improved by implementing a back reflector which 

improves the front-to-back lobe ratio and is discussed in the later part of this chapter. 

 

5.3.2 4 × 4 Array 

The design of the 4 × 4 array is also performed using CST MW Studio 2017. Extending the 2 

× 2 power divider network a power divider for the 4 × 4 feed network is designed, which is 

 

(a) 

 

(b) 

Figure 5. 7 (a) E- and (b) H-plane of 2 × 2 L-band array antenna 
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shown in Figure 5. 8 (a). Then on top of the centre of the feed network, on the other side of the 

substrate, 4 × 4 patches are etched equidistantly, shown in Figure 5. 8 (b) so that they are 

exactly above the centre of each feed line. The ground plane has slots of ‘cross’ shape, so 4 × 

4 ‘cross’ shaped slots are etched and are shown in Figure 5. 8 (c). The distance between two 

adjacent elements is optimized to be 0.7𝜆 to avoid grating-lobe.  

 

Quarter wavelength 
power divider

Port
 

(a) 

0.7λ 

 

(b) 

 

(c) 

Figure 5. 8 (a) Power divider or feed network for the array, (b) patch configuration, (c) 3-d view of the 4 × 4 L-band 

array antenna. 
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5.3.2.1 Simulation result 

Simulation was performed using CST MW Studio 2017 after optimizing the design by 

tweaking the feed network path and parameter. The result after setting the design environment 

is presented in this section.  

In Figure 5. 9, S-parameter result is shown in the same figure. S11 and S22 result show very 

good return loss at the resonant frequency (1.4 GHz). Port-to-port isolation or S21 and S12 are 

also less than -45 dB throughout the spectrum. The bandwidth is found around 500 MHz 

ranging from 1.2 GHz to 1.7 GHz. S-parameter result overall shows very good matching and 

minimum coupling. Figure 5. 10 (a) and (b) show electric and magnetic field radiation pattern 

for the L-band 4 × 4 array antenna. From the electric field radiation pattern, a maximum gain 

of 18.6 dBi is found with 55 dB cross polarization level at 0°. Similarly, for the magnetic field, 

a gain of 18.7 dBi is found at 0°, with a cross polarization level of around 60 dB. This antenna 

 

Figure 5. 9 S-parameter result for L-band 4 × 4 array antenna 
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has a decent amount of back-lobe radiation which can be improved by implementing a back 

reflector which improves the front-to-back lobe ratio and is discussed in the later part of this 

chapter. 

5.3.3 8X8 Array 

The design of the 8 × 8 array is also performed using CST MW Studio 2017. The feed layer 

structure is the most complex and is shown in Figure 5. 11 (a). 8 × 8 patches are placed on top 

of the centre of the feed lines equidistantly, shown in Figure 5. 11 (b) so that they are exactly 

 

(a) 

 

(b) 

Figure 5. 10 (a) E- and (b) H-plane of 4 × 4 L-band array antenna 
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above the centre of each feed line. In Figure 5. 11 (c) an expanded view of the feed line is 

shown to explain and show the complexity of the design better. Finally, a cross shaped slotted 

ground plane was designed in the middle of the 2 feed line layers to complete the design shown 

in Figure 5. 11 (d). The distance between two adjacent elements is decided to be 0.7𝜆 to avoid 

grating-lobe and optimization. 

5.3.3.1 Simulation result 

Simulation was run using CST MW Studio 2017 after optimizing the design by tweaking the 

feed network path and parameter. The result after setting the design environment is presented 

in this section.  

In Figure 5. 13, all S-parameter results are shown in the same figure. S11 and S22 results show 

very good return loss at the resonant frequency (1.4 GHz). Port-to-port isolation or S21 and 

S12 are also less than -35 dB throughout the spectrum. The bandwidth is found around 500 

MHz though S11 and S22 do not follow each other but covering the resonant frequency. S-

parameter result overall shows very good matching and minimum coupling.  

Port

50   line

70   line
100   line

2 way 
divider

 

(c) 

 

 

 

(d) 

Figure 5. 11 (a) Power divider or feed network for the array, (b) patch configuration, (c) expanded view of the power 

divider or feed network, and (d) 3-d view of the 8 × 8 L-band array antenna. 
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Figure 5. 12 (a) and (b) show electric and magnetic field radiation pattern for the L-band 4 × 4 

array antenna. From the electric field radiation pattern, a maximum gain of 23.9 dBi is found 

with 55 dB cross polarization level at 0°. Similarly, for the magnetic field, a gain of 24.0 dBi 

 

Figure 5. 13 S-parameter result for L-band 8 × 8 array antenna 
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Figure 5. 12 (a) E- and (b) H-plane of 8 × 8 L-band array antenna 
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is found at 0°, with a cross polarization level of around 60 dB. Again back-lobe radiation is 

present, and it can be improved using a back-reflector. 

5.4 Ku-band antenna 

Ku-band antenna working requirement is the resonant frequency at 18.7 GHz with a bandwidth 

of 200 MHz and with port-to-port isolation of over 25 dB. First, 2 × 2 array is designed, then 

4 × 4 and finally 8 × 8 designs are simulated and presented. It is important to show the 2 × 2 

and 4 × 4 array design process to track  the progress and maturity of the design. 

5.4.1 2 × 2 Array 

For the element cell of the Ku-band array, DP ACMSA is selected again as mentioned in the 

previous chapter. The design of the array is performed using CST MW 2017. Similar to the L-

band, first, a power divider for the 2 × 2 feed network is designed, which is shown in Figure 5. 

5 (a). Then on top of the centre of the feed network, 2 × 2 patches are placed, shown in Figure 

5. 5 (b) so that they are exactly above each feed line. Finally, a cross shaped slotted ground 

plane was designed in the middle of the 2 feed line layers to complete the design shown in 

Figure 5. 5 (c). The distance between two adjacent elements is again decided to be 0.7𝜆 which 

in this case is 11.23 mm. If the distance is over 𝜆 then grating-lobes appear. Optimal spacing 

is always a trade-off as smaller inter-element distance will cause strong coupling and vice versa 

bigger distance will cause grating-lobe. 

5.4.1.1 Simulation result 

Simulation was performed using CST MW Studio 2017 after optimizing the design by 

tweaking the feed network parameter. All the boundary condition was checked, and simulation 

environment was set to ideal. The result is presented in this section.  

In Figure 5. 14, S-parameter result is shown in the same figure. S11 and S22 result show very 

good return loss at the resonant frequency (18.7 GHz). Port-to-port isolation or S21 is also less 
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than -45 dB throughout the spectrum. The bandwidth is found around 1.1 GHz ranging from 

18.1 GHz to 19.2 GHz. S-parameter result overall shows very good matching and minimum 

coupling.  

Figure 5. 15 (a) and (b) show electric and magnetic field radiation pattern for the Ku-band 2 × 

2 array antenna. From the electric field radiation pattern, a maximum gain of 13.7 dBi is found 

 

Figure 5. 14 S-parameter result for Ku-band 2 × 2 array antenna 
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Figure 5. 15 (a) E- and (b) H-plane of 2 × 2 Ku-band array antenna 
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with 35 dB cross polarization level at 0°. Similarly, for the magnetic field, a gain of 13.7 dBi 

is found at 0°, with a cross polarization level of around 40 dB. The amount of back-lobe 

radiation is quite high, and it can be improved using a back-reflector. 

5.4.2 4 × 4 Array 

The design procedure for the array is an extension of the design performed in the previous 

section for the 2 × 2 array. First, a power divider for the 4 × 4 feed network is designed by 

replicating the 2 × 2 structure four times, which is shown in Figure 5. 8 (a). Then another level 

of power divider is designed to join those four dividers. After that 4 × 4 patches are placed 

equidistantly, shown in  Figure 5. 8 (b) so that they are exactly above the centre of each feed 

line. The ground plane has ‘cross’ shaped slots which are shown in Figure 5. 8 (c). The inter-

element distance is set to be 0.7𝜆 after optimization to avoid grating-lobes.  

5.4.2.1 Simulation result 

For the 4 × 4 array, a similar approach is taken. The element antenna being the same, only 

power divider is extended to suit 4 × 4 structure. Simulation was performed using CST MW 

Studio 2017 after optimizing the design by tweaking the feed network path and parameter. The 

result after setting the design environment is presented in this section. Optimization for the feed 

lines are performed as the length of the feed line plays role in setting the phase difference as 

the size of the antenna grows, at higher frequency wavelength becomes comparable to the size 

of the feed lengths in an array configuration. 

In Figure 5. 17, S-parameter result is shown in the same figure. S11 and S22 result show very 

good return loss at the resonant frequency (1.4 GHz). Port-to-port isolation or S21 and S12 are 

also less than -45 dB throughout the spectrum. The bandwidth is found around 900 MHz 

ranging from 18.4 GHz to 19.3 GHz. S-parameter result overall shows very good matching and 

minimum coupling.  
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Figure 5. 16 (a) and (b) show electric and magnetic field radiation pattern for the Ku-band 4 × 

4 array antenna. From the electric field radiation pattern, a maximum gain of 19.9 dBi is found 

with 50 dB cross polarization level at 0°. Similarly, for the magnetic field, a gain of 19.7 dBi 

is found at 0°, with a cross polarization level of around 60 dB. This antenna has a decent amount 

 

Figure 5. 17 S-parameter result for Ku-band 4 × 4 array antenna 
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Figure 5. 16 (a) E- and (b) H-plane of 4 × 4 Ku-band array antenna 
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of back-lobe radiation which can be improved by implementing a back reflector which 

improves the front-to-back lobe ratio and is discussed in the later part of this chapter. 

5.4.3 8 × 8 Array 

The design of the 8 × 8 array is also performed using CST MW Studio 2017. Being the largest 

feed network, first, a power divider for the 8 × 8 feed network is designed, which is shown in 

Figure 5. 11 (a). Then all the 8 × 8 patches are placed on top of the centre of the feed lines 

equidistantly, shown in Figure 5. 11 (b). In Figure 5. 11 (c) an expanded view of the feed line 

is shown to explain and show the complexity of the design better. The ground place structure 

is shown in Figure 5. 11 (d). The distance between two adjacent elements is set to be 0.7 

wavelength to avoid grating-lobes and optimization. 

5.4.3.1 Simulation result 

Simulation was run using CST MW Studio 2017 after optimizing the design by tweaking the 

feed network path and parameter. The result after setting the design environment is presented 

in this section.  

In Figure 5. 13, all S-parameter results are shown in the same figure. S11 and S22 results show 

very good return loss at the resonant frequency (18.7 GHz). Port-to-port isolation or S21 and 

S12 are also less than -40 dB throughout the spectrum. The bandwidth is found around 500 

MHz though S11 and S22 do not follow each other but covering the resonant frequency. S-

parameter result overall shows very good matching and minimum coupling. 
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Figure 5. 19 (a) and (b) show electric and magnetic field radiation pattern for the Ku-band 4 × 

4 array antenna. From the electric field radiation pattern, a maximum gain of 26.3 dBi is found 

with 55 dB cross polarization level at 0°. Similarly, for the magnetic field, a gain of 26.2 dBi 

is found at 0°, with a cross polarization level of around 60 dB. This antenna has a decent amount 

 

Figure 5. 18 S-parameter result for Ku-band 8 × 8 array antenna 
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Figure 5. 19 (a) E- and (b) H-plane of 8 × 8 Ku-band array antenna 
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of back-lobe radiation which can be improved by implementing a back reflector which 

improves the front-to-back lobe ratio and is discussed in the later part of this chapter. 

5.5 Ka-band array 

Ku-band antenna requirement is to radiate at 37 GHz with a bandwidth of 1.5 GHz and with 

port-to-port isolation of over 25 dB. First, 2 × 2 array is designed, then 4 × 4 and finally 8 × 8 

designs are simulated and presented. 

5.5.1 2 × 2 Array 

For the element cell of the Ku-band array, DP ACMSA is selected again as mentioned in the 

previous chapter. The design of the array is performed using CST MW 2017. Similar to the L-

band, first, a power divider for the 2 × 2 feed network is designed, which is shown in Figure 5. 

5 (a). Then on top of the centre of the feed network, 2 × 2 patches are placed, shown in Figure 

5. 5 (b) so that they are exactly above each feed line. Finally, a cross shaped slotted ground 

plane was designed in the middle of the 2 feed line layers to complete the design shown in 

Figure 5. 5 (c). The distance between two adjacent elements is again decided to be 0.7𝜆 which 

in this case is 5.68 mm. If the distance is over 𝜆 then grating-lobes appear. Optimal spacing is 

always a trade-off as smaller inter-element distance will cause strong coupling and vice versa 

bigger distance will cause grating-lobe. 

5.5.1.1 Simulation result 

Simulation was performed using CST MW Studio 2017 after optimizing the design by 

tweaking the feed network parameter. All the boundary condition was checked, and simulation 

environment was set to ideal. The result is presented in this section.  
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In Figure 5. 21, S-parameter result is shown in the same figure. S11 and S22 result show very 

good return loss at the resonant frequency (37 GHz). Port-to-port isolation or S21 is also less 

than -45 dB throughout the spectrum. The bandwidth is found around 1.1 GHz ranging from 

36.5 GHz to 37.6 GHz. S-parameter result overall shows very good matching and minimum 

coupling.  

 

Figure 5. 21 S-parameter result for Ka-band 2 × 2 array antenna 
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Figure 5. 20 (a) E- and (b) H-plane of 2 × 2 Ka-band array antenna 
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Figure 5. 20 (a) and (b) show electric and magnetic field radiation pattern for the Ka-band 2 × 

2 array antenna. From the electric field radiation pattern, a maximum gain of 13.5 dBi is found 

with 35 dB cross polarization level at 0°. Similarly, for the magnetic field, a gain of 13.4 dBi 

is found at 0°, with a cross polarization level of around 50 dB. This antenna has a decent amount 

of back-lobe radiation which can be improved by implementing a back reflector which 

improves the front-to-back lobe ratio and is discussed in the later part of this chapter. 

5.5.2 4 × 4 Array 

The design of the 4 × 4 array is also performed using CST MW Studio 2017. First, a power 

divider for the 4 × 4 feed network is designed, which is shown in Figure 5. 8 (a). Then similar 

to the 2 × 2, on top of the centre of the feed network, 4 × 4 patches are placed equidistantly, 

shown in  Figure 5. 8 (b). The patches are exactly above the centre of each feed line. The slot 

in the ground plane is again ‘cross’ shaped and was designed in the middle of the 2 feed line 

layers to complete the design shown in Figure 5. 8 (c). The distance between two adjacent 

elements is decided to be 0.7𝜆 to avoid grating-lobe and optimization. 

5.5.2.1 Simulation result 

Simulation was performed using CST MW Studio 2017 after optimizing the design by 

tweaking the feed network path and parameter. The result after setting the design environment 

is presented in this section.  

In Figure 5. 22, S-parameter result is shown in the same figure. S11 and S22 result show very 

good return loss at the resonant frequency (37 GHz). Port-to-port isolation or S21 and S12 are 
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also less than -40 dB throughout the spectrum. The bandwidth is found around 2.4 GHz ranging 

from 35.8 GHz to 38.2 GHz. S-parameter result overall shows very good matching and 

minimum coupling.  

 

Figure 5. 22 S-parameter result for Ka-band 4 × 4 array antenna 
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Figure 5. 23 (a) E- and (b) H-plane of 4 × 4 Ka-band array antenna 
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Figure 5. 23 (a) and (b) show electric and magnetic field radiation pattern for the Ka-band 4 × 

4 array antenna. From the electric field radiation pattern, a maximum gain of 19.56 dBi is found 

with 50 dB cross polarization level at 0°. Similarly, for the magnetic field, a gain of 19.54 dBi 

is found at 0°, with a cross polarization level of around 60 dB. This antenna has a decent amount 

of back-lobe radiation which can be improved by implementing a back reflector which 

improves the front-to-back lobe ratio and is discussed in the later part of this chapter. 

5.5.3 8 × 8 Array 

The same design technique adopted for designing the 2 × 2 and 4 × 4 array is used again. The 

challenge of designing 8 × 8 array is its greater number of feed lines in between two adjacent 

elements. If two microstrip lines are too close to each other, mutual coupling between the lines 

can affect the radiation parameter and overall antenna efficiency. There is nothing much to do 

about this without sacrificing the simplicity of the design, but adequate effort is given to ensure 

maximum spacing between two adjacent microstrip feed lines. The design of the 8 × 8 array is 

also performed using CST MW Studio 2017. It is similar to the design of the L-band array 

shown in Figure 5. 11 The distance between two adjacent elements is decided to be 0.7𝜆 to 

avoid grating-lobe and optimization. 

5.5.3.1 Simulation result 

Simulation was run using CST MW Studio 2017 after optimizing the design by tweaking the 

feed network path and parameter. The result after setting the design environment is presented 

in this section.  

In Figure 5. 25, all S-parameter results are shown in the same figure. S11 and S22 results show 

very good return loss at the resonant frequency (37 GHz). Port-to-port isolation or S21 and S12 

are also around -40 dB throughout the spectrum. The bandwidth is found around 2 GHz MHz 
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though S11 and S22 do not follow each other but covering the resonant frequency. S-parameter 

result overall shows very good matching and minimum coupling. 

 

Figure 5. 25 S-parameter result for Ka-band 8 × 8 array antenna 
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Figure 5. 24 (a) E- and (b) H-plane field of 8 × 8 Ka-band array antenna 
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Figure 5. 24 (a) and (b) show electric and magnetic field radiation pattern for the Ka-band 8 × 

8 array antenna. From the electric field radiation pattern, a maximum gain of 26.5 dBi is found 

with 55 dB cross polarization level at 0°. Similarly, for the magnetic field, a gain of 26.2 dBi 

is found at 0°, with a cross polarization level of around 60 dB. Like the Ku-band array, this 

antenna also has a fair amount of back-lobe radiation which can be improved using a back-

reflector which is discussed later. 

5.6 Measurement result 

After designing the array antennas for three separate bands and simulating in CST MW 2017, 

the designs are fabricated and measured. Simulation and measurement show similarity with 

some deviation due to fabrication and measurement imperfection. Not all simulated designs are 

fabricated and measured and included in this research. L-band array with 2 by 2 elements are 

included as 8 by 8 or 64 elements take big space and are expensive and already commercially 

available. Ku- and Ka-bands are fabricated with 8 × 8 elements and measured as they will be 

used in the further studies and, they prove the functionality of smaller array size such as 2 × 2 

and 4 × 4 elements.  

 

5.6.1 2 × 2 L-band antenna 

A 2 × 2 L-band array antenna is fabricated and measured. Measurement is performed using 

Agilent’s E8361A PNA series vector network analyser. S-parameter is performed using two 

channels and radiation pattern measurement is conducted in Monash University’s Monash 

Microwave, Antennas, RFID and Sensors Laboratories (MMARS) anechoic chamber.  

The fabricated and assembled L-band 2 × 2 array is shown in Figure 5. 26. The size of the array 

is bigger than the Ku- and Ka-band due to the lower frequency. Connectors are connected 

carefully so that they just touch the feed lines of respective polarizations. 



Chapter 5: Array Antenna Design  126 

Figure 5. 27 shows the S-parameter measurement comparison with the simulation results 

presented in the previous sections. Both simulation and measurement result of S11 and S22 

show similarity with a very minor deviation. For the isolation, the measurement shows around 

  

Figure 5. 27 Simulated and measured (a) reflection and (b) port-to-port isolation result for L-band 2 × 2 array antenna 
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Figure 5. 26 L-band 2 × 2 array antenna with a 50 cent AUD for size comparison. 
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10 dB deviation due to the fabrication and assembly error of the ports as the fabrication 

resolution only accounts for 0.1 mm accuracy. Overall, port-to-port isolation stays below -35 

dB throughout the spectrum.  

 

Figure 5. 28 shows the simulation and measurement comparison between electric and magnetic 

field co and cross polarization result. In all cases, the measurement pattern follows the 
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Figure continued to next page 
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simulation pattern very closely with some exception in the cross-polarization measurements as 

the cross-polarization level being very low difficult to measure.  

 

 

(e) 

 

(f) 

 

(g) 

 

(h) 
Figure 5. 28 Simulated and measured (a) E- plane co polar, (b) E- plane cross polar, (c) H- plane co polar and (d) H- plane 

cross polar radiation pattern for L-band 2 × 2 array antenna; (e), (f), (g) and (h) are line plots of (a), (b), (c) and (d). 
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5.6.2 8 × 8 Ku-band antenna 

An 8 × 8 Ku-band array antenna is fabricated and measured after designing using CST MW 

Suit 2017. Measurement is performed using Agilent’s E8361A PNA series vector network 

analyser. S-parameter results and radiation pattern is measured and plotted against the 

simulation result.  

S-parameter results are shown in Figure 5. 30. S11 and S22 measured result shows well 

matched reflection coefficient below -18 dB in both ports. Port-to-port isolation measurement 

 

Figure 5. 29 Ku-band 8 × 8 array antenna after fabrication and assemble. 
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shows similar trend as the simulation result and the isolation is more than 50 dB in the resonant 

frequency and more than 40 dB throughout the spectrum.  

Figure 5. 31 shows the radiation pattern simulation versus measurement. Figure 5. 31 (a) shows 

the electric field co-polar simulation and measurement result for both ports. The main-lobe 

magnitude of the measured result is around 25 dB for both polarizations, and the pattern follows 

the simulation pattern closely. Electric field cross-polarization pattern of the simulation and 

 

(a) 

 

(b) 

 

 

 

 

Figure 5. 30 Simulated and measured (a) reflection and (b) port-to-port isolation result for Ku-band 8 × 8 array antenna 
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measured result is shown in Figure 5. 31 (b), which shows around -30 dB cross-polarization 

which makes 55 dB less compared to the main lobe of the electric field at 0°. 

Magnetic field co- and cross-polar pattern of the simulation and measured result is shown in 

Figure 5. 31 (c) and (d). For the co-polar radiation pattern, the magnitude at 0° is again around 

25 dB for both polarizations and follow the simulated pattern closely. Similarly, the cross-

polarization level at 0° is more than 55 dB less than the co-polarization level.  

5.6.3 8 × 8 Ka-band antenna 

An 8 × 8 Ka-band antenna is fabricated and measured. Being the highest frequency in this study, 

meticulous measures were taken for the measurement procedure. Agilent’s E8361A PNA series 

VNA is used to measure the S-parameters and in-house anechoic chamber is used to measure 

the radiation pattern. The assembled Ka-band array antenna is shown in  

Figure 5. 32 

Figure 5. 33 shows S-parameter results for the 8 × 8 Ka-band array. S11 and S22 measured 

result shows well matched reflection coefficient below -20 dB in both ports. Also, measured 

 

(c) 

 

(d) 

Figure 5. 31 Simulated and measured (a) E- plane co-polar, (b) E- plane cross-polar, (c) H- plane co-polar and (d) H- plane 

cross-polar radiation pattern for Ku-band 8 × 8 array antenna 
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result follows the simulation result trend. Port-to-port isolation measurement shows similar 

trend as the simulation result and the isolation is more than 35 dB in the resonant frequency 

and more than 30 dB throughout the spectrum. 

 
 

 

Figure 5. 33 Simulated and measured port-to-port isolation result for Ka-band 8 × 8 array antenna 
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Figure 5. 32 Ka -band 8 × 8 array antenna with a 50 cent AUD for size comparison. 
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The reason for the relatively low isolation difference than the Ku-band is, Ka-band being the 

highest frequency band in this research, has the smallest size hence physical isolation between 

ports is also very small.  

 

Figure 5. 34 shows the radiation pattern simulation versus measurement. Figure 5. 34 (a) shows 

the electric field co-polar simulation and measurement result for both ports. The main-lobe 

 

(a) 

 

(b) 

 

 

(c) 

 

(d) 

Figure 5. 34 Simulated and measured (a) E- plane co polar, (b) E- plane cross polar, (c) H- plane co polar and (d) H- plane 

cross polar radiation pattern for Ka-band 8 × 8 array antenna 
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magnitude of the measured result is around 26 dB for both polarizations and the pattern follows 

the simulation pattern closely. Electric field cross-polarization pattern of the simulation and 

measured result is shown in Figure 5. 34 (b), which shows around -30 dB cross-polarization 

which makes 55 dB less compared to the main lobe of the electric field at 0°. Magnetic field 

co- and cross-polar pattern of the simulation and measured result is shown in Figure 5. 34 (c) 

and (d). For the co-polar radiation pattern, the magnitude at 0° is again around 26 dB for both 

polarizations and follow the simulated pattern closely. Similarly, the cross-polarization level 

at 0° is more than 55 dB less than the co-polarization level.  

5.7 Use of back-reflector to suppress back-lobe radiation 

Microstrip antenna arrays, in a linearly or dual polarized configuration, exhibit high front-to-

back lobe radiation due to asymmetric E-plane radiation pattern [229-231]. Different complex 

techniques have been used to improve the efficiency such as using ring-shape director [232], 

with smaller ground [233], with photonic bandgap back shield [234], using a semitransparent 

ground plane [235], planar soft surface [236]. These techniques are complex to manufacture 

and implement and suitable for systems that require very wide bandwidth. In this case, where 

bandwidth requirement is not very wide, simpler techniques, such as complementary back 

reflector, where a substrate is etched to complement the patch sizes to improve front-to-back 

ratio of the radiation [237], can be used. Theoretically just a metal slab placed at 𝜆/4 distance 

makes the back-lobe to travel 180° electrical path to enhance the front or main lobe by 

suppressing the back-lobe radiation [238].  

In this study, a substrate is etched completely to reflect the back-lobe towards the main lobe at 

180° by carefully positioning at 𝜆/4 distance from the ground plane. The requirement of the 

front-to-lobe ratio is 20 dB to ensure radiation not being recognised from the back plane instead 

of the front plane.  
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In Figure 5. 35, the idea of the suppressing the back-lobe is shown. For Ku-band the wavelength 

is 16.04 mm which is equivalent to 360° in electrical degrees. Back-lobe radiation has 180° 

difference than the main-lobe. If the metal plate can be place 90° electrical angle apart then the 

radiation coming from the back-lobe will have to travel 90° and the another 90° back towards 

the main-lobe. So, another layer of substrate is fully etched and placed 4mm further from the 

Square 
patch

Reflector 
metal plane

 

(a) 

Reflector 
metal plane

 λ/4 gap

Ground planeSubstrate 
layers

 

(b) 

Figure 5. 35 (a) 3-d view, (b) layer view of Ku-band array with metallic reflector to suppress back-lobe radiation 
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ground plane. Thus, the back-lobe is suppressed, and it adds to the main-lobe radiation. The 

simulation result with metallic reflector is shown in  

 
(c) 

 
(d) 

 

Figure 5. 36, where a front-to-back lobe ratio of around 25 dB is observed, proving the validity 

of this design.  

 

 

(a) 
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(c) 

 
(d) 

 

Figure 5. 36 Simulation result of the (a) E- and (b) H-plane radiation pattern of Ku-band array with metallic reflector 

to suppress back-lobe radiation, (c) and (d) are the line plots for (a) and (b) 

 

 

 

(a) 

 

(b) 

Figure 5. 37 (a) E- and (b) H-plane radiation pattern of Ku-band array with and without metallic reflector to suppress 

back-lobe radiation 
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Figure 5. 37, shows the measurement result of electric and magnetic field radiation pattern with 

and without back reflector. From the figure it can be seen that the back-lobe is suppressed, and 

main-lobe magnitude is enhanced with inclusion of the back reflector. 

 

5.8 Conclusions 

In conclusion, this chapter reviews the literature of the array antenna followed by the theory of 

the array antenna, simulation and measurement of different array structure of three different 

bands. The importance of the array antenna is unique as a greater number of array element can 

increase in the gain of the antenna while still maintain planar shape. Different feeding 

techniques can be implemented in designing the array antenna, but this chapter outlies the base 

of the multiband antenna which will be used as a radiometer to work in more than one band. 

Thus, aperture couple feeding techniques is chosen for the array configuration as the feed layers 

are in separate layers, aperture couple structure provides advantage for designing multiband 

stacked design with improved isolation, bandwidth and gain. 

The requirements of the array antenna to be used in radiometer are the gain, the isolation, the 

cross-polarization level and size and shape. The gain of the array antenna must be very high to 

receive passive signal transmitted from the earth surface. In this chapter, both Ku-band and Ka-

band 8 × 8 array antenna displayed a gain over 22 dBi. As the antenna must be a dual-polarized, 

the isolation between ports needs to be higher. This is an essential design requirement, 

otherwise signal received form one port can interfere with the signal being received at the other. 

In this chapter, the array antennas discussed have an isolation over 35 dB in all three frequency 

bands. For radiometer, to explain the cross-polarization, co-polarized pattern is the identical 

transmit and receive polarization states such as horizontal – horizontal (HH) and vertical – 

vertical (VV). Cross polarization level is measured by measuring the transmitting in one 
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polarization state and receiving in the orthogonal polarization state. Cross polarized radiometer 

channels are therefore HV and VH. The cross-polar level should be very low for radiometer 

antenna. In this chapter, the array antenna designed have cross-polarizations of over 30 dB 

meaning a suitable cross-polar level for the radiometer. 

The main challenge of this chapter was to overcome the feeding of Ku- and Ka-band antenna 

and assemble them accurately before measuring. The accomplishments of this chapter give 

enthusiasm to study further into the beam shaping algorithm and finally multiband antenna 

structure which is discussed in the next chapter. 

 

 

 

 



Chapter 6: Array Analysis  140 

 

6 Array Analysis 

 

6.1 Overview 

After designing the array antenna, it is time to analyse the shape of the beam of the array. In 

the previous chapter where a different number of the elements array antenna for three different 

frequencies are discussed, beam shape was not analysed. Feed network provides excitation to 

individual elements of the array. In the previous chapter, all element antennas in the array 

configuration received the same amount of excitation making the uniform distribution of power. 

The problem with uniform excitation is the side-lobe levels are only approximately 13 dB less 

than the main-lobe, which can be proven theoretically [79]. For the radiometer antenna, the 

side-lobe level must be below 25 dB than the main-lobe. Beam shaping of an antenna array is 

a spatial filtering technique that filters out the receiving signals from all other directions except 

the desired direction. This filtering out procedure is done by attenuating signals from all the 

other directions. Beam shaping technique has been applied in various areas of signal processing 

ranging from radar, microphone arrays, sonar, radio astronomy, medical diagnosis and 

treatment, seismology, to communications [239-245].  

An antenna array is a set of antennas placed systematically to send or receive signals that 

require more power than a single element antenna. The relative distance to each other of the 

element, gain of the single element, excitation received, and relative phase of the elements 

determine the total radiation pattern of the array configuration. In an antenna array, depending 

on the requirement, different elements receive different excitations. If the centre elements 

receive more excitations than the corner elements, then the side lobe level will be lower than 

the main-lobe. The distance between elements is another parameter that changes the beam 
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pattern. If the distance between antenna elements are not even, designing becomes complicated. 

Thus, the only even distance between adjacent elements is considered. If the distance is too 

close to each other, then the feed network or excitation becomes complex as the feed lines, and 

 even antenna patches can touch each other. 

On the other hand, if the distance between two adjacent elements is more than the wavelength, 

then grating-lobe is seen in the radiation pattern. Grating-lobes can be as predicted by the 

pattern multiplication theorem. When the array spacing is too larger side-lobes equal to the 

main-lobe is seen. Grating-lobe is an unwanted situation for the beam pattern. To avoid grating-

lobe, the distance between elements should not be too large. To avoid grating-lobe and also 

avoid designing elements too close to each other, it is required to design elements at a distance 
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less than the wavelength and more than half the wavelength. Hence an inter-element distance 

of 0.7𝜆 is chosen. Different beam shaping algorithms such as Gaussian, Chebyshev’s, Taylor’s, 

SPD (staircase power distribution) methods are discussed and compared against each other to 

find the optimized distribution for the array antenna. 

6.2 Theory 

By definition, beam shaping algorithm is the art or design of the antenna array system, where 

each antenna receives/transmits different power to form a collective beam pattern. In equation, 

For N-element linear array with uniform amplitude and spacing, the array factor for this system 

[79]- 

 

 𝐴𝐹 = 1 + 𝑒𝑗(𝑘𝑑𝑐𝑜𝑠𝜃+𝛽) + 𝑒𝑗2(𝑘𝑑𝑐𝑜𝑠𝜃+𝛽) + ⋯𝑒𝑗(𝑁−1)(𝑘𝑑𝑐𝑜𝑠𝜃+𝛽) ……….…1 

Or, we can write in summation form in- 

 

𝐴𝐹 = ∑ 𝑒𝑗(𝑛−1)(𝑘𝑑𝑐𝑜𝑠𝜃+𝛽)

𝑁

𝑛=1

 ……….…2 

 

For this study, the spacing between adjacent elements is chosen to be equal and half of the 

wavelength. Only the amplitude is varied during the shaping process. The new equation for 

array factor becomes as – 

 

𝐴𝐹 = ∑ 𝛿𝑛𝑒𝑗(𝑛−1)(𝑘𝑑𝑐𝑜𝑠𝜃+𝛽)

𝑁

𝑛=1

 ……….…3 

For planar array this equation becomes- 
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𝐴𝐹 = 𝐼0 ∑ 𝑒𝑗(𝑚−1)(𝑘𝑑𝑥 sin𝜃 cos𝜙+𝛽𝑥)

𝑀

𝑚=1

∑ 𝑒𝑗(𝑛−1)(𝑘𝑑𝑦 sin𝜃 sin𝜙+𝛽𝑦)

𝑁

𝑛=1

 ……….…4 

 

Depending on the distribution, excitation coefficient changes and hence changes the radiation 

pattern. In this paper, the effect of different distribution on side-lobe level, beamwidth, beam 

efficiency at a different number of arrays in different beam pointing angle is discussed and 

compared.  

 

6.3 Different beam shaping algorithms 

 

6.3.1 Uniform Distribution 

Uniform distribution is the simplest example of power distribution among all. In this 

distribution, all the elements are fed with uniform or the same power. So, all the coefficients 

of the equation become one, and the array factor looks like the following equation. 

 

𝐴𝐹 = ∑ 𝑒𝑗(𝑛−1)(𝑘𝑑𝑐𝑜𝑠𝜃+𝛽)

𝑁

𝑛=1

 ……….…5 

 

For planar array this equation can be extended and it becomes- 

 

𝐴𝐹 = 𝐼0 ∑ 𝑒𝑗(𝑚−1)(𝑘𝑑𝑥 sin𝜃 cos𝜙+𝛽𝑥)

𝑀

𝑚=1

∑ 𝑒𝑗(𝑛−1)(𝑘𝑑𝑦 sin𝜃 sin𝜙+𝛽𝑦)

𝑁

𝑛=1

 ……….…6 



Chapter 6: Array Analysis  144 

Theoretically, the uniform distribution results in 13 dB sidelobe level [79]. For 25 elements 

placed in a linear array, the array factor representation in graph looks like Figure 6. 1. For 

 

Figure 6. 1 Radiation pattern of the array factor for 25 element linear array with uniform excitation 

 

 

 

Figure 6. 2 Radiation pattern of the array factor for 8 × 8 element planar array with uniform excitation 
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planar array configuration, placed 0.7 𝜆 apart from each other in an 8 × 8 array, the array factor 

is shown in  Figure 6. 2. 

It is worth mentioning that the greater number of elements, the higher order becomes the 

equation for the array factor and hence, more ripple in the array factor. Theoretically, the side-

lobe level of -13 dB can be observed in the figures to validify the concept. 

 

6.3.2 Gaussian Distribution 

The Gaussian or normal distribution is one of the most common distributions in various 

scientific studies [246]. The mathematical form of this distribution for calculating excitation 

coefficients can be expressed as- 

 
𝑦(𝑥) = 𝑎 exp (−

(𝑥 − 𝜇)2

2𝜎2
) ……….…7 

Where 𝑎 = peak value which is unity in this case. 𝜇 = mean which determines the position of 

the graph, in this case, which is centre or zero. 𝜎 = standard deviation determines the width of 

 

Figure 6. 3 Radiation pattern of the array factor for 25 element linear array with Gaussian excitation 

 



Chapter 6: Array Analysis  146 

the graph and in this case a crucial parameter to determine the difference between the maximum 

and minimum power level.  

For a planar array, it can be written as – 

 
𝑓(𝑥, 𝑦) = 𝐴𝑒𝑥𝑝 (−(

(𝑥 − 𝑥0)
2

2𝜎𝑥
2

+
(𝑦 − 𝑦0)

2

2𝜎𝑦
2

)) ……….…8 

Where, the ‘x’ and ‘y’ subscripts stand for the x- and y-axis directions. 

Using practical power ratio between the maximum and the minimum excitations so that the 

feed line thickness is realizable and practical, and number of antennas, the excitation 

coefficients are determined. The ratio between the maximum and minimum power is set to be 

10 dB. The array factor plot for 25 linear elements array is shown in Figure 6. 3. For a planar 

array of size 8 × 8, the array factor is shown in Figure 6. 4.  

In both figures, it can be seen that the side lobe level is well below -20 dB, which was obtained 

by providing the maximum power to the middle or centre elements, and the elements at the 

edges receive minimum excitation. 

 

Figure 6. 4 Radiation pattern of the array factor for 8 × 8 element planar array with Gaussian excitation 
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6.3.3 Taylor Distribution 

For engineering the sidelobes, it is necessary to taper the illumination from the centre to the 

edges. In 1955 Taylor described a system which is known as Taylor illumination [247]. The 

normalized array factor can be written as [163, 248]- 

 

𝐹(𝑢) =
sin 𝜋𝑢

𝜋𝑢

∏

[
 
 
 
 

1 −
𝑢2

𝜎𝑝
2 (𝐴2 + (𝑛 −

1
2
)
2

)
]
 
 
 
 

𝑛̅−1
𝑛=1

∏ (1 − 𝑢2/𝑛2)𝑛̅−1
𝑛=1

 

……….…9 

Where, 𝜎𝑝 = Taylor parameter as a function of side lobe ratio and the boundary of the region 

of uniform side lobes. 𝐴 = peak of the signal 𝑛̅ = boundary of the region of uniform side lobes 

and 𝑢 =
2𝑎

𝜆
sin 𝜃 where 2𝑎 represents the length of the array. In this study, length is chosen in 

a way that corresponds to the half-wavelength spacing between adjacent elements.  

For an odd number of the planar array, the weights for a 2M+1 number of rows and 2N+1 

number of columns can be written as –  

 𝐴𝑛,𝑚

= ∑ 𝐹𝑝(𝛼𝑥, 𝜎𝑥)𝑒𝑥𝑝 (𝑗
𝜋

𝑁
𝑛𝑝) ∑ 𝐹𝑞(𝛼𝑦, 𝜎𝑦)𝑒𝑥𝑝 (𝑗

𝜋

𝑀
𝑚𝑞)

𝑛𝑐𝑜𝑙𝑢𝑚𝑛̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ −1

𝑞=−(𝑛𝑐𝑜𝑙𝑢𝑚𝑛̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ −1)

𝑛𝑟𝑜𝑤̅̅ ̅̅ ̅̅ ̅−1

𝑝=−(𝑛𝑟𝑜𝑤̅̅ ̅̅ ̅̅ ̅−1)

 

= [1 + 2 ∑ 𝐹𝑝(𝛼𝑥, 𝜎𝑥)𝑐𝑜𝑠 (
𝜋

𝑁
𝑛𝑝)

𝑛𝑟𝑜𝑤̅̅ ̅̅ ̅̅ ̅−1

𝑝=1

] [1

+ 2 ∑ 𝐹𝑞(𝛼𝑦, 𝜎𝑦)𝑐𝑜𝑠 (
𝜋

𝑀
𝑚𝑞)

𝑛𝑐𝑜𝑙𝑢𝑚𝑛̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ −1

𝑞=1

] 

……….…1

0 

And for even number of elements in the array, it becomes –  



Chapter 6: Array Analysis  148 

 

𝐴𝑛,𝑚 = [1 + 2 ∑ 𝐹𝑝(𝛼𝑥, 𝜎𝑥)𝑐𝑜𝑠 (
𝜋

𝑁 −
1
2

(|𝑛| −
1

2
)𝑝)

𝑛𝑟𝑜𝑤̅̅ ̅̅ ̅̅ ̅−1

𝑝=1

] . [1

+ 2 ∑ 𝐹𝑞(𝛼𝑦, 𝜎𝑦)𝑐𝑜𝑠 (
𝜋

𝑀 −
1
2

(|𝑚| −
1

2
)𝑞)

𝑛𝑐𝑜𝑙𝑢𝑚𝑛̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ −1

𝑞=1

] 

……….…11 

The array factor plot for a 25 elements linear array is shown in Figure 6. 5. 

 
Figure 6. 5 Radiation pattern of the array factor for 25 element linear array with Taylor’s excitation 

 

 
Figure 6. 6 Radiation pattern of the array factor for 8 × 8 element planar array with Taylor’s excitation 
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Taylor’s distribution results in a narrow beam array factor. Taylor’s parameter or 𝜎𝑝 can be 

tailored to achieve required side-lobe level. For an 8× 8 planar array, the distribution is shown 

in Figure 6. 6. Again, the side-lobe level can be seen as a very stable flat constant line on the 

graph below -25 dB. 

 

6.3.4 Staircase Power Distribution (SPD) 

Array Factor (AF) of a one-dimensional array antenna with staircase power distribution (SPD) 

can be expressed [249, 250] by the following equation  

 

𝐴𝐹 = ∑ 𝛿1 exp(𝑗𝑛𝜓)  

(𝑁−1)/2

𝑛=−(𝑁−1)/2

+ ∑ (𝛿2 − 𝛿1) exp(𝑗𝑛𝜓)

𝑁−1
2

−𝑁𝑠1

𝑛=−
𝑁−1

2
+𝑁𝑠1

+ ∑ (𝛿3 − 𝛿2) exp(𝑗𝑛𝜓) +

𝑁−1
2

−𝑁𝑠1−𝑁𝑠2

𝑛=−
𝑁−1

2
+𝑁𝑠1+𝑁𝑠2

………

+ ∑ (𝛿𝑙 − 𝛿𝑙−1) exp(𝑗𝑛𝜓)

𝑁−1
2

−𝑁𝑠1−𝑁𝑠2−⋯−𝑁𝑠𝑙

𝑛=−
𝑁−1

2
+𝑁𝑠1+𝑁𝑠2+⋯+𝑁𝑠𝑙

+ ∑ (𝐴 − 𝛿𝑙) exp(𝑗𝑛𝜓)

𝑁−𝑁𝑠−1
2

𝑛=−
𝑁−𝑁𝑠−1

2

 

……….…12 

 

N = Total number of antenna elements, 𝑁𝑠1, 𝑁𝑠2, 𝑁𝑠3, ……𝑁𝑠𝑙  are number of the antenna 

elements tapered from each side (starting from the edge of the array) for 1st stage, 2nd stage, 



Chapter 6: Array Analysis  150 

3rd stage……. last stage. Here the last stage is defined as the stage before the middle antenna 

elements.     

𝑁𝑆  =  𝑁𝑠1  +  𝑁𝑠2 + 𝑁𝑠3 + ……+ 𝑁𝑠𝑙 = Number of elements tapered from each side,  𝜓 =

𝛽𝑑(sin𝜃 − sin 𝜃0) and 𝛿1, 𝛿2, 𝛿3, ……𝛿𝑛  are the amplitudes of the antenna elements of the1st 

stage, 2nd stage, 3rd stage…….last stage. 𝑑 = inter- elements (m). 𝛽 =
2𝜋

𝜆
= phase constant. 

A is the amplitude of middle antenna elements and 𝜃0 = Direction of beam maximum along 

the broad side.  

For even planar array it can be written as –  

 

𝐹𝑒(𝑢, 𝑣) = 4[ ∑ ∑ 𝛿𝑚𝑛
1 cos(2𝑚 − 1) 𝑢. cos(2𝑛 − 1) 𝑣

𝑁−1
2

𝑛=−
𝑁−1

2

𝑁−1
2

𝑚=−
𝑁−1

2

+ ∑ ∑ (𝛿𝑚𝑛
2

𝑁−1
2

−𝑁𝑠1

𝑛=𝑚=[−
𝑁−1

2
]+𝑁𝑠1

𝑁−1
2

−𝑁𝑠1

𝑚=[−
𝑁−1

2
]+𝑁𝑠1

− 𝛿𝑚𝑛
1 ) cos(2𝑚 − 1) 𝑢. cos(2𝑛 − 1) 𝑣] 

 

……….…13 

Where  

u =
𝜋𝑑

𝜆
(sin 𝜃 cos𝜙 − sin 𝜃0 cos𝜙0) 

𝑣 =
𝜋𝑑

𝜆
(sin 𝜃 sin𝜙 − sin 𝜃0 sin𝜙0) 

10 dB ratio between maximum and minimum power level in an evenly distributed power level. 

The array factor for a 25 elements linear array is plotted in Figure 6. 7. Unlike Taylor’s and 

Chebyshev’s distribution, the side-lobes are not constant, but they are still below -20 dB.  
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For the 8 × 8 planar array, the graph for the array factor looks like Figure 6. 8. The side-lobes 

are less than -30 dB. The advantage of the SPD is to be able to set the number of stages and 

within the stages the excitation coefficient remains the same. 

 

Figure 6. 7 Radiation pattern of the array factor for 25 element linear array with staircase power distribution (SPD) 

 

 

Figure 6. 8 Radiation pattern of the array factor for 8 × 8 element planar array with staircase power distribution (SPD) 
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6.3.5 Chebyshev’s Distribution 

Antenna array factors for arrays with uniform weights have unequal sidelobe levels. The 

optimal sidelobe level (for a given beamwidth) will occur when the sidelobes are all equal in 

magnitude. This problem was solved by Dolph in 1946. He derives a method for obtaining 

weights for uniformly spaced linear arrays steered to broadside (𝜃 = 90 degrees). This is a 

popular weighting method because the sidelobe level can be specified, and the minimum 

possible null-null beamwidth is obtained. The array factor can be written as [170, 174]- 

 

𝐴𝐹 = ∑ 𝑤𝑛 cos[2(𝑛 − 1)𝑢]

𝑁

𝑛=1

 ……….…14 

 

For an even array and 

 

𝐴𝐹 = ∑ 𝑤𝑛cos (2𝑛𝑢)

𝑁

𝑛=1

 ……….…15 

For an odd array. 

Where 𝑐𝑜𝑠𝑢 = 𝑡/𝑡0, 𝑡 is variable and 𝑡0 is the factor responsible for shaping the sidelobe.  

For a planar array, the array factor can be calculated as –  

 𝐸𝑒(𝜃, 𝜙) = 𝐹𝑒(𝑢, 𝑣) 

= 4 ∑ ∑ 𝐼𝑚𝑛 cos(2𝑚 − 1) 𝑢. cos (2𝑛 − 1)𝑣

𝑁

𝑛=1

𝑁

𝑚=1

 

……….…16 

 

For an even number of elements in row and column,  𝐿 = 2𝑁. In (16) 

http://www.antenna-theory.com/arrays/arrayfactor.php
http://www.antenna-theory.com/basics/radPatDefs.php
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𝑢 =

𝜋𝑑

𝜆
(sin 𝜃 cos𝜙 − sin 𝜃0 cos 𝜙0) 

𝑣 =
𝜋𝑑

𝜆
(sin 𝜃 sin𝜙 − sin 𝜃0 sin𝜙0) 

……….…17 

where d is the spacing between adjacent elements and / is the operating wavelength. For an odd 

number of elements in each row and column, L= 2N + 1, we have 

 𝐸𝑜(𝜃, 𝜙) = 𝐹𝑜(𝑢, 𝑣) 

= ∑ ∑ 𝜀𝑚𝜀𝑛𝐼𝑚𝑛 cos(2𝑚 − 1) 𝑢. cos (2𝑛 − 1)𝑣

𝑁+1

𝑛=1

𝑁+1

𝑚=1

 

……….…18 

The conventional method for designing a planar Chebyshev array is to match 𝐹𝑒(𝑢, 𝑣) or  

𝐹𝑜(𝑢, 𝑣) with a product of two Chebyshev polynomials of the (L- 1) order. For example, if L= 

2N, 𝐹𝑒(𝑢, 𝑣) in (16) is used: 

 𝐹𝑒(𝑢, 𝑣) = 4𝑇𝐿−1(𝑤0 cos 𝑢)𝑇𝐿−1(𝑤0 cos 𝑣) ……….…19 

 

Figure 6. 9 Radiation pattern of the array factor for 25 element linear array with Chebyshev’s distribution 
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Where w0 is a parameter for controlling sidelobe level. In order to make the radiation pattern 

a Chebyshev pattern in any cross-section, (19) must be discarded and replaced by a single 

Chebyshev polynomial. It can be written -   

 𝐹𝑒(𝑢, 𝑣) = 4𝑇𝐿−1(𝑤0 cos 𝑢 cos 𝑣) ……….…20 

Using a further investigation leads to  

 

𝐹𝑒(𝑢, 𝑣) = 4 ∑ ∑ 𝐵𝑚𝑛
2𝑁 cos(2𝑚 − 1) 𝑢. cos (2𝑛

𝑁

𝑛=1

𝑁

𝑚=1

− 1)𝑣 

……….…21 

With 

 

𝐵𝑚𝑛
2𝑁

= ∑ (−1)𝑁−𝑠.
2(2𝑁 − 1)

𝑁 + 𝑠 − 1
. (

𝑁 + 𝑠 − 1
2𝑠 − 1

)

𝑁

𝑠=(𝑚,𝑛)

. (
2𝑠 − 1
𝑠 − 𝑚

) . (
2𝑠 − 1
𝑠 − 𝑛

) . (
𝑤0

2
)
2𝑠−1

 

 

…….…2

2 

 
Figure 6. 10 Radiation pattern of the array factor for 8 × 8 element planar array with Chebyshev’s distribution 
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The array factor of Chebyshev’s distribution for a 25 elements linear array is shown in Figure 

6. 9. The side-lobe level is exactly -25 dB. For a planar array of 8 × 8 size, the side-lobe level 

is designed to be -30 dB. The array factor is shown in Figure 6. 10. 

Chebyshev’s distribution ensures the exact same side-lobe level throughout. In the case of 

radiometer, there is no specific reason that the side-lobes have to be exact at the same level. 

The requirement is just below a certain level to avoid radiation coming from unwanted angles 

other than the main lobe. 

6.3.6 Other Distributions 

Most of the major beam shaping techniques were discussed in this section. There are some 

other very basic types of distributions. Among them Binomial and Cosine distributions are 

shown in Figure 6. 11 and Figure 6. 12. The coefficients for each element were found by 

Binomial theorem and Cosine equation respectively and then input in the array factor equation 

to find the array factor and then plotted. The reason for not choosing these distributions are 

firstly, they show unrealistic widths to fabricate or they lack practicality and secondly, the 

 

Figure 6. 11 Radiation pattern of the array factor for 8 × 8 element planar array with binomial distribution 
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requirement of the research is different hence there is no need to design with such low side-

lobe level and 3 dB beamwidth. 

 

6.4 Comparison and Discussion 

One of the big challenges of the radiometer antenna is to design the feed network for the array 

in higher frequency. As the frequency gets higher, the size of the feed network becomes smaller, 

but the number of feeds remains the same. This results in a complex structure when the feed 

lines also have different widths. Different feeding techniques result in different excitation 

coefficients and depending on these coefficients, one technique can be easier to implement 

practically than the other.  

In all the techniques except the SPD, the excitation levels are unique. For example, for an 8-

element linear array, there will be four different power levels making the design complex for 

more elements in a planar array. On the other hand, the SPD method restricts the number of 

 

Figure 6. 12 Radiation pattern of the array factor for 8 × 8 element planar array with cosine distribution 
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the power or excitation levels hence the fabrication process is easier resulting cheaper cost than 

the others. 

For a 15-element linear array, the normalized excitation coefficients for different power 

distributions are presented in Figure 6. 13, for 15 element array and around 15 dB power ratio 

 

Table 6. 1 Excitations (%) for different elements for an 8x8 array using the Gaussian distribution 

G
au

ss
ia

n
 D

is
tr

ib
u

ti
o

n
 

18.1 28.23 37.47 43.56 43.56 37.47 28.23 18.1 

28.23 43.56 56.52 65.85 65.85 56.52 43.56 28.23 

37.47 56.52 75.07 86.5 86.5 75.07 56.52 37.47 

43.56 65.85 86.5 100 100 86.5 65.85 43.56 

43.56 65.85 86.5 100 100 86.5 65.85 43.56 

37.47 56.52 75.07 86.5 86.5 75.07 56.52 37.47 

28.25 43.56 56.52 65.85 65.85 56.52 43.56 28.25 

18.1 28.23 37.47 43.56 43.56 37.47 28.23 18.1 

 

 

Figure 6. 13 Normalized excitation coefficients for different power distributions 
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between the maximum and minimum power levels. From this figure, the simplicity of the SPD 

method compared to other methods can be understood. Gaussian and Taylor have quite a 

similar excitation pattern, and Chebyshev’s distribution requires complex excitation power 

structure. 

To explain the simplicity of the SPD method,  

Table 6. 1 and Table 6. 2 are shown with the Gaussian and SPD distribution. In both tables, an 

8 × 8 array feeding is shown. As this is a planar array, hence the centre elements receive the 

maximum power and the corner elements receive the minimum. The number of levels is also 

different. For the Gaussian method, a total number of 9 different excitations are used, whereas 

in the SPD method only 6 levels are used. For this reason, in this research SPD method is used 

for designing the arrays. 

Beam efficiency gives a general idea of power ratio associated with the main beam and 

sidelobes. Here, a different number of the array element with different beam pointing angle is 

compared for different distributions. For Gaussian and Taylor distribution, beam efficiency is 

over 99% in all the combinations because of low sidelobes. On the other hand, the SPD method 

Table 6. 2 Excitations (%) for different elements for an 8x8 array using the SPD 

S
P

D
 m

et
h

o
d
 

16.87 24.5 40.12 40.12 40.12 40.12 24.5 16.87 

24.5 36.57 60.1 60.1 60.1 60.1 36.57 24.5 

40.12 60.1 100 100 100 100 60.1 40.12 

40.12 60.1 100 100 100 100 60.1 40.12 

40.12 60.1 100 100 100 100 60.1 40.12 

40.12 60.1 100 100 100 100 60.1 40.12 

24.5 36.57 60.1 60.1 60.1 60.1 36.57 24.5 

16.87 24.5 40.12 40.12 40.12 40.12 24.5 16.87 
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uses fewer power levels compared to others which explains its low beam efficiency. 

Chebyshev’s method ensures equal sidelobe levels which explain its less beam efficiency.  

If the sidelobe levels were lowered, then beam efficiency would increase in the case of 

Chebyshev’ distribution. The number of array and beam pointing angle has little effect on the 

beam efficiency in all the distributions. However, a general pattern can be observed which 

shows the number of element and beam pointing angle have an inversely proportional effect 

on the beam efficiency (BE). Comparison of beam efficiency with a different number of arrays 

with different beam pointing angle is presented in Table 6. 3.  

Table 6. 3 Comparison of beam efficiency with different number of arrays with different beam pointing angle 

 

 

TABLE I  COMPARISON OF BEAM EFFICIENCY WITH DIFFERENT 

NUMBER OF ARRAY WITH DIFFERENT BEAM POINTING ANGLE 

Main Beam Pointing Angle 

(degree) 
5 15 25 35 

Number of array element Beam Efficiency 

T
yp

e
 o

f 
P

o
w

e
r 

D
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u
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o
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Gaussian 

25 99.25 99.32 99.38 98.39 

15 99.49 99.50 99.62 99.65 

9 99.62 99.63 99.76 99.8 

Taylor 

25 99.37 99.38 99.40 99.41 

15 99.40 99.42 99.44 99.47 

9 99.45 99.47 99.49 99.58 

Staircase 

Power 

Distribution 

(SPD) 

25 98.38 98.02 98.23 98.61 

15 96.14 94.35 94.10 96.60 

9 90.55 89.98 87.15 88.99 

Chebyshev’s 

method 

25 94.45 94.73 95.06 95.45 

15 97.2 96.93 97.10 97.58 

9 98.55 98.35 98.47 98.95 
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In many design requirements for long distance communication, remote sensing and so on it is 

required to have very low sidelobe levels. Gaussian distribution can offer lower sidelobe levels 

at the expense of higher ratio between highest and lowest power levels. The number of elements 

in an array has an inversely proportional relationship with MSLL. However, beam pointing 

angle has no effect on sidelobes. In the Taylor’s and Chebyshev’s algorithm, designing lower 

sidelobes is the primary design constraint. Other antenna parameters such as beamwidth and 

beam efficiency are sacrificed/adjusted to ensure maximum sidelobes. Though both Taylor’s 

and Chebyshev’s method design MSLL but Chebyshev’s method ensures the same side lobes 

for all the side lobes. A comparison of maximum side lobe level with a different number of 

arrays with different beam pointing angle is presented in Table 6. 4.  

Table 6. 4 Comparison of maximum side-lobe level (MSLL) with different number of arrays with different beam 

pointing angle 

Main Beam Pointing Angle (degree) 5 15 25 35 

Number of Array Element MSLL 

Ty
p

e 
o

f 
P

o
w

e
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D
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u
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o
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Gaussian 

25 -23.2 -23.2 -23.2 -23.2 

15 -26.3 -26.3 -26.3 -26.3 

9 -28.6 -28.6 -28.6 -28.6 

Taylor 

25 -21.1 -21.1 -21.1 -21.1 

15 -21.1 -21.1 -21.1 -21.1 

9 -21.1 -21.1 -21.1 -21.1 

SPD 

25 -25.2 -25.2 -25.2 -25.2 

15 -20 -20 -20 -20 

9 -13.4 -13.4 -13.4 -13.4 

Chebyshev 

25 -25 -25 -25 -25 

15 -25 -25 -25 -25 

9 -25 -25 -25 -25 
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3 dB beamwidth or half-power beam width has a direct relation with directivity. Some system 

requires very narrow beam width such as point to point communication whereas some system 

has a requirement for wide beam width to cover more area. The primary factor for variation in 

this parameter is the number of elements in an array — generally, the more element, narrower 

the beam width. Taylor’s distribution has the narrowest beam width in comparison to other 

distributions. Gaussian, SPD and Chebyshev’s distribution are very similar to each other and 

only function of the number of elements in an array. A comparison of 3 dB beamwidth with a 

different number of arrays with different beam pointing angle is presented in Table 6. 5.  

Gaussian and Chebyshev’s distribution has similar beam width but different side lobes and 

diversified power levels of excitation to follow. 

 

Table 6. 5 Comparison of 3 dB beam width with different number of arrays with different beam pointing angles 

Main Beam Pointing Angle (degree) 5 15 25 35 

Number of array element 3 dB Beamwidth 

T
y

p
e 

o
f 

P
o
w

er
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ib
u
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o
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Gaussian 

25 4.79 4.93 5.24 5.83 

15 7.88 8.18 8.68 9.62 

9 12.72 13.07 13.97 15.51 

Taylor 

25 2.47 2.55 2.71 3.0 

15 4.23 4.37 4.66 5.15 

9 7.43 7.67 8.17 9.05 

Staircase Power 

Distribution (SPD) 

25 4.99 5.14 5.53 6.13 

15 7.98 8.27 8.78 9.73 

9 12.71 13.12 13.97 15.51 

Chebyshev’s method 

25 4.66 4.81 5.11 5.67 

15 7.92 8.17 8.73 9.67 

9 13.61 14.04 15.01 16.67 
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The radiation pattern is shown in Figure 6. 14 is for 15-element linear array at 25° beam 

pointing angle. This radiation pattern supports and explains all the findings in Table 6.3-5.  

Staircase power distribution has the highest side-lobes level which is very difficult to optimize. 

Overall beam efficiency and beam width are almost the same as Gaussian or Chebyshev’s 

method, but simpler power levels make it a very attractive power distribution for large array 

elements. Taylor’s distribution has higher beam efficiency, easy to manipulate side-lobe levels 

and narrow 3 dB beamwidth but less control over the ratio of the highest and lowest power 

level of excitation.  

 

6.5 Measurement result 

8 × 8 Ku- and Ka-band array antennas are designed and fabricated. From the last chapter, the 

antenna array design technique has been adopted. The feed lines in the last chapter was 

designed for the uniform distribution. In this chapter, different feed widths are designed to 

achieve required side-lobe level.  

 

Figure 6. 14 Radiation pattern for a 15-element array at 25° observation angle using different power distributions. 
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6.5.1 8 × 8 Ku-band 

 

6.5.1.1 Structure and design 

The SPD method beam shaping is applied on the 8 × 8 Ku-band array which was designed and 

measured in the last chapter. The feed lines are designed in such a way that the excitation ratios 

among the elements matches with the Table 6. 2 ratios. 

A photograph of the fabricated 8 × 8 Ku-band array antenna is shown in Figure 6. 15. Different 

layers of this antenna are assembled using a jig and the ports are positioned so that they are just 

touching the feeds. For better understanding, power divider and feed network are shown in 

Figure 6. 16 (a) and (b). In these figures, different widths can be seen for different power ratio 

for different elements of the array antenna. The feed widths are determined by the amount of 

resistivity required to deliver different amount of power. The power ratio and the width of the 

feed are proportional to each other as increasing the feed width decreases resistivity hence 

increasing the power flow. In Figure 6. 16 (c), a layer by layer view is shown. This antenna has  

 

Figure 6. 15 Ku-band 8 × 8 array antenna after fabrication and assemble. 
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(a) 

 

 

(b) 

 

 

 

(c) 
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four substrate and five copper layers. From the top, the first one is the patch layer followed by 

the feed layer, ground plane, another feed layer and finally the back-reflector layer. 

6.5.1.2 Results 

Simulation was performed using CST MW Studio 2017 after optimizing the design by 

tweaking the feed network path and parameters. The result after setting the design environment 

is presented in this section.  

In Figure 6. 17 and Figure 6. 18, all S-parameter results are shown. S11 and S22 measured 

results show very good return loss at the resonant frequency (18.7 GHz) and have the same 

shape as the simulation result. Port-to-port isolation or S21 and S12 are also less than -40 dB 

throughout the spectrum. The bandwidth is found around 600 MHz. S-parameter result overall 

shows very good matching and minimum coupling. 

  

(d) 

Figure 6. 16 (a) single power divider, (b) feed network of one polarization, (c) layer view of a Ku-band 8 × 8 array 

antenna, and (d) fabricated feed lines with a 50 cent AUD to compare the size. 
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Figure 6. 18 shows the radiation pattern simulation versus measurement. Figure 6. 18 (a) shows 

the electric field co-polar simulation and measurement result for both ports. The main-lobe 

magnitude of the measured result is around 23 dB for both polarizations and the pattern follows 

the simulation pattern closely. It is important to notice the side-lobe level of the radiation 

pattern is now less than 25 dB because of the beam shaping and front-to-back-lobe ratio is also 

increased. The electric field cross-polarization pattern of the simulation and measured result is 

shown in Figure 6. 18 (b), which shows around -10 dB cross-polarization which makes 45 dB 

less compared to the main lobe of the electric field at 0°. Magnetic field co- and cross-polar  

pattern of the simulation and measured result is shown in Figure 6. 18 (c) and (d). For the co-

polar radiation pattern, the magnitude at 0° is again around 23 dB for both polarizations and 

follow the simulated pattern closely. Similarly, the cross-polarization level at 0° is more than 

40 dB less than the co-polarization level.  The overall efficiency for the simulation is about 

85.5%. 

Overall, the simulation and measured result justifies the theory of the beam shaping as the side-

lobe level is reduced. Also, implementing a back-reflector suppresses the back-lobe radiation 

and increases overall efficiency. 

 

Figure 6. 17 Simulated and measured S-parameter result 

for Ku-band 8 × 8 array antenna 

 

Figure 6. 18 Simulated and measured port-to-port isolation 

result for Ku-band 8 × 8 array antenna 
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6.5.2 Ka-band 8 × 8 array 

 

6.5.2.1 Structure and design 

Similar technique as the Ku-band array antenna is adopted. However, the fabrication becomes 

complex for this band as the size is smaller than the Ku-band array. For the beam shaping, 

again the SPD method is implemented. The feed lines are designed in such a way that the 

 

(a) 

 

(b) 

 

(c) 

 

(d) 

Figure 6. 19 Simulated and measured (a) E- plane co-polar, (b) E- plane cross-polar, (c) H- plane co-polar and (d) H- plane 

cross-polar radiation pattern for Ku-band 8 × 8 array antenna with beam shaping. 
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excitation ratios among the elements matches with the Table 6. 2 ratios. The assembled antenna 

is photographed, and different layers are shown in Figure 6. 20. 

 

(a) 

 

(b) 

 

(c) 

Figure 6. 20 Ka-band 8 × 8 array antenna (a) after fabrication and assemble, (b) only feed network and (c) ground layer 

photograph. 
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6.5.2.2 Results 

Simulation was performed using CST MW Studio 2017 after optimizing the design by 

tweaking the feed network path and parameters. The result after setting the design environment 

is presented in this section.  

In Figure 6. 21, all S-parameter results are shown. S11 and S22 measured results show very 

good return loss at the resonant frequency (37 GHz) and have very similar shape as the 

simulation result. Port-to-port isolation or S21 and S12 are also less than -34 dB throughout 

the spectrum. The bandwidth is found around 2 GHz. S-parameter result overall shows very 

good matching and minimum coupling. 

Figure 6. 21Error! Reference source not found. shows the radiation pattern simulation versus m

easurement. Figure 6. 22 (a) shows the electric field co-polar simulation and measurement 

result for both ports. The main-lobe magnitude of the measured result is around 24 dB for both 

polarizations and the pattern follows the simulation pattern closely. Again, the side-lobe level 

of the radiation pattern is now less than 25 dB because of the beam shaping and front-to-back-

lobe ratio is also increased. The electric field cross-polarization pattern of the simulation and 

measured result is shown in Figure 6. 22 (b), which shows around -10 dB cross-polarization 

which makes around 35 dB less compared to the main lobe of the electric field at 0°. 

  

Figure 6. 21 Simulated and measured port-to-port isolation result for Ka-band 8 × 8 array antenna 
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Magnetic field co- and cross-polar pattern of the simulation and measured result is shown in 

Figure 6. 22 (c) and (d). For the co-polar radiation pattern, the magnitude at 0° is again around 

23.5 dB for both polarizations and follow the simulated pattern closely. Similarly, the cross-

polarization level at 0° is around 35 dB less than the co-polarization level.  

 

 

(a) 

 

(b) 

 

(c) 
 

(d) 

Figure continued to next page 
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(e) 

 

(f) 

 

(g) 

 

(h) 
Figure 6. 22 Simulated and measured (a) E-plane co-polar, (b) E- plane cross-polar, (c) H- plane co-polar and (d) H- plane 

cross-polar radiation pattern for Ka-band 8 × 8 array antenna with beam shaping, (e), (f), (g) and (h) are line plots (a), (b), 

(c) and (d). 
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6.6 Conclusions 

Beam shaping is one of the most critical parts of array antenna designing. Depending on the 

requirements and design constraints a suitable power distribution method can optimize the 

overall performance of the array. Every power distribution has its advantages and limitations 

but depending on the requirements one system can be more feasible than others. For a large 

number of elements in the array with little effect on side lobes, the SPD method can be a 

potential solution because of fewer power levels. Constant side-lobe level is ensured in 

Chebyshev’s method, but the amplitude of excitation range variation makes it difficult to 

implement. Gaussian and Taylor’s method have similar excitation. Beam efficiency, 

beamwidth, and side-lobe levels all are connected and important parameters for beam shaping. 

Depending on the design requirements, the necessity of these parameters can vary, and 

optimization may require accordingly.  

In this chapter different beam shaping algorithms are discussed and then compared to find the 

best algorithm to suit the radiometer. The SPD method was found to be the most suitable 

because of its easy to fabricate feature without sacrificing the side-lobe level. From the 

continuation of the last chapter, in this chapter an 8 × 8 Ku- and an 8 × 8 Ka-band antenna was 

designed using the SPD beam shaping algorithm. The simulation result shows the reduced side-

lobe level proving the concept of the theory. Finally, these antennas are fabricated and 

assembled for the measurement. The measurement result is found to be consistent with the 

simulation result hence consistent with the theory of this chapter. 

The most important outcome of this chapter is that this chapter gives an independent radiometer 

antenna system working on a single band. The next step is to extend this research and design a 

multiband antenna system for the radiometer which is discussed in the next chapter. 
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7 Multi-band Antenna 

7.1 Overview 

The current trend in microwave remote sensing radars and radiometers is to measure using 

multiple frequency bands simultaneously with different polarizations. Having two different 

frequencies with different physical apertures require more space, add more weight and make 

system complex. One example of such system is the SIR-C shuttle imaging radar which 

operated at L- and C- bands, with dual polarizations and not sharing the same aperture [251]. 

As the satellite systems need reduces size, weight and advanced capabilities, shared aperture 

design can provide these functionalities. The most common structure of a dual-band dual-

polarization (DBDP) antenna array is perforated microstrip patch array with an interleaved 

structure [252-260]. Two experimented examples of DBDP is discussed in [185, 261] where, 

L/C and L/X bands were operating in perforated structure. Around 7% bandwidth is achieved 

in these designs. When the size was increased an extra 5 – 8% bandwidth was obtained [258, 

260]. In an overlapped structure where higher band elements are placed above the lower band 

elements, can increase the thickness of the structure but improve the bandwidth [262, 263]. A 

similar technique is adopted in this chapter. As the frequency ratio of Ku-band (18.7 GHz) and 

Ka-band (37 GHz) is almost 1 to 2, the patch dimensions and inter-element distances also have 

the same ratio. In literature many studies can be found about multi-band antenna but exactly 

the following technique was not found for extended array which will be discussed in this 

chapter.  Due to the ratio of Ku- and Ka-band, it is possible to place the patches of the Ku- and 

Ka-bands on the same substrate layer and organize them so that they do not touch each other 

and still maintain the inter-element distance to avoid grating-lobe. As the number of elements 

increases, the feed network of each band gets complicated. If the feed networks of different 

bands and touching each other, they can compromise the antenna performance, hence, different 
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layers for different bands are selected. The ground plane is slotted in the aperture coupled 

design and as the patches are place so that they are not touching each other, it is possible to 

design the ground plane in such a way that the slots are also not touching each other and can 

contribute to individual radiation. A visual representation of such design is shown in Figure 7. 

1. In this figure, the layers of a DBDP is shown. The first layer from the top is the patch layer. 

Patches are placed on the same layer in such a configuration that the lower and higher frequency 

patches are at equidistant from each other maintaining the 0.7𝜆 according to their frequencies. 

The next layer in between two substrate layers is the feed network layer of the lower frequency 

band. The reason for choosing the lower frequency band here is, the lower the frequency the 

bigger is the size and easier to design. Also, this layer is further from the ground layer than the 

other feed layer hence the feed lines are wider. If higher frequency is chosen for this layer, with 

wide feed lines, it would be difficult to design larger arrays.  
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The next layer is the feed layer for the higher frequency band. The next layer is in the middle 

and is the ground layer. The ground layer has cross shaped slots placed exactly below the 

patches. As there are more than one frequency band, hence the slots for the lower frequency 

bands are surrounded by the higher frequency slots. After the ground layer, the design acts like 

a mirror, as the next layer is the feed layer for the higher frequency layer followed by the lower 

frequency feed layer and lastly the back-reflector layer which is optional but important to 

ensure back-lobe is suppressed. The feed layers provide dual polarizations for both the Ku- and 

Ka-bands, hence this is a four-port antenna structure and requires four connectors to assemble. 

The organisation of this chapter is as follows. Starting with one Ku-band surrounded by 2 × 2 

Ka-band antennas, the research continues to design 2 × 2 Ku-band with 4 × 4 Ka-band, 4 × 4 

Ku-band with 8 × 8 Ka-band and finally 8 × 8 Ku-band with 8 × 8 Ka-band antenna array. 

Measurement result is provided for 4 × 4 Ku-band with 8 × 8 Ka-band and 8 × 8 Ku-band with 

8 × 8 Ka-band antenna array. The simulation and measurement results are compared for both 

the S-parameter results and radiation patterns. An analysis on the results are performed before 

the conclusions. 
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Figure 7. 1 Layer view of multiband antenna for radiometer 
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7.2 Ku-, Ka- Multiband with 1 Ku- and 2 × 2 Ka- band configuration 

 

7.2.1 Design Configuration 

The different dimensions of the Ku- and Ka-bands allow the patches to be in the same layer. A 

layer by layer view of 1 Ku- and 2 × 2 Ka-band multiband antenna is shown in Figure 7. 2. The 

patch sizes are a function of the frequency of operation. Since Ku-band operates at 18.7 GHz 

and Ka-band operates at 37 GHz, the ratio between patch sizes of these antennas are 2 to 1. 

Hence, both patches can be designed on the same layer without touching each other. However, 

Ka- patch

Ku- patch 0.7λ 

 

(a) 

Ku- feed
Ka- feed

 

(b) 

 

Ku- slot

Ka- slot

 

(c) 

 

(d) 

Figure 7. 2 (a) Patch layer, (b) two feed layers from top, (c) ground plane and (d) 3-d view of 1 Ku- and 2 × 2 Ka- band 

antenna 
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the feed layers are in different layers and hence their corresponding 50Ω widths are different. 

The Ku-band being further from the ground plane, has greater width than the Ka-band and can 

be seen from figure (b). The inter-element distance between two adjacent Ka-band is set to be 

0.7𝜆 to avoid grating-lobe.  

7.2.2 Simulation Result 

 

7.2.2.1 S- parameter Results and Analysis 

Simulation was performed using CST MW Studio 2017 after optimizing the design by 

tweaking the feed network parameter. All the boundary condition was checked, and simulation 

environment was set to ideal. The result is presented in this section. The challenge of this design 

was the distance between the ground plane and feed layer because now there are two substrates 

and a Ka-band feed. The line width for the 50 Ω feed is changed accordingly. 

 

Figure 7. 3 S-parameter result for Ku-band element in the one Ku- and 2 × 2 Ka- multiband antenna 
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In Figure 7. 3, S-parameter result is shown in the same figure. S11 and S22 result show very 

good return loss at the resonant frequency (18.7 GHz). Port-to-port isolation or S21 is also less 

than -35 dB throughout the spectrum. The bandwidth is found around 1.1 GHz ranging from 

18.1 GHz to 19.2 GHz. S-parameter result overall shows very good matching and minimum 

coupling.  

S-parameter result is shown in Figure 7. 4. S11 and S22 result show very good return loss at 

the resonant frequency (37 GHz). Port-to-port isolation or S21 is also less than -45 dB at 37 

GHz of the spectrum. The bandwidth is found to be around 3 GHz. S-parameter result overall 

shows very good matching and minimum coupling.  

 

 

 

Figure 7. 4 S-parameter result for Ka-band element in the one Ku- and 2 × 2 Ka- multiband antenna 
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7.2.2.2 Gain Results and Analysis 

Figure 7. 5 (a) and (b) show electric and magnetic field radiation pattern for the Ku-band of the 

one Ku- and 2 × 2 Ka-band array antenna. From the electric field radiation pattern, a maximum 

gain of 8.7 dBi is found with 65 dB cross polarization level at 0°. Similarly, for the magnetic 

field, a gain of 8.6 dBi is found at 0°, with a cross polarization level of around 55 dB. 

 

(a) 

 

(b) 

Figure 7. 5 (a) E- and (b) H-plane field pattern for Ku-band element in the one Ku- and 4 × 4 Ka- multiband antenna. 

 

(a) 

 

(b) 

Figure 7. 6 (a) E- and (b) H-plane field pattern for Ka-band element in the one Ku- and 4 × 4 Ka- multiband antenna. 
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Figure 7. 6 (a) and (b) show electric and magnetic field radiation pattern for the Ka-band of the 

one Ku- and 2 × 2 Ka-band array antenna. From the electric field radiation pattern, a maximum 

gain of 11.5 dBi is found with 38 dB cross polarization level at 0°. Similarly, for the magnetic 

field, a gain of 11.4 dBi is found at 0°, with a cross polarization level of around 40 dB. 

 

7.3 Ku-, Ka- Multiband with 2 × 2 Ku- and 4 × 4 Ka- band 

configuration 

 

7.3.1 Design Configuration 

DP ACMSA is selected in all feeding techniques as mentioned in the previous chapter. The 

design of the array is performed using CST MW 2017. First, a power divider for the Ku-band 

2 × 2 feed network is designed. Then on top of the centre of the feed network, 2 × 2 patches 

are placed so that they are exactly above each feed line. Finally, a cross shaped slotted ground 

plane was designed in the middle of the 2 feed line layers to complete the. The distance between 

two adjacent elements is again decided to be 0.7𝜆 which in this case is 11.23 mm. If the distance 

is over 𝜆 then grating-lobes appear. Optimal spacing is always a trade-off as smaller inter-

element distance will cause strong coupling and vice versa bigger distance will cause grating-

lobe. Similarly, 4 × 4 Ka-band antenna is designed. The inter-element distance between two 

adjacent Ka-band is also chosen to be 0.7𝜆. Again, as Ku-band operates at 18.7 GHz and Ka-

band operates at 37 GHz, the ratio between patch sizes of these antennas are 2 to 1. Hence, 

both patches can be designed on the same layer without touching each other. The antenna layers 

are shown in Figure 7. 7. However, the feed layers are in different layers and hence their 

corresponding 50Ω widths are different. The Ku-band being further from the ground plane, has 

greater width than the Ka-band and can be seen from figure (b). 
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7.3.2 Simulation Result 

 

7.3.2.1 S- parameter Results and Analysis 

Simulation was performed using CST MW Studio 2017 after optimizing the design by 

tweaking the feed network parameter. All the boundary condition was checked, and simulation 

Ku- slot

Ka- slot

 

(c) 

 

Figure 7. 7 (a) Patch layer, (b) two feed layers from top, (c) ground plane of the 2 × 2 Ku- and 4 × 4 Ka- band - multiband 

antenna 

 

 

Ka- patch

Ku- patch

 

(a) 

Ku- feed

Ka- feed
 

(b) 
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environment was set to ideal. The result of the Ku-band array is presented in this section. In 

Figure 7. 8, S-parameter results are shown in the same figure. S11 and S22 result show very 

good return loss at the resonant frequency (18.7 GHz). Port-to-port isolation or S21 is also less 

 

Figure 7. 8 S-parameter result for Ku-band element in the 2 × 2 Ku- and 4 × 4 Ka- band - multiband antenna 
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Figure 7. 9 S-parameter result for Ka-band element in the 2 × 2 Ku- and 4 × 4 Ka- band - multiband antenna 
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than -42 dB throughout the spectrum. The bandwidth is found around 1.1 GHz ranging from 

18.0 GHz to 19.1 GHz. S-parameter result overall shows very good matching and minimum 

coupling.  

In Figure 7. 9, S-parameter results of the Ka-band array are shown in the same figure. S11 and 

S22 result show very good return loss at the resonant frequency (37 GHz). Port-to-port isolation 

or S21 and S12 are also less than -40 dB throughout the spectrum. The bandwidth is found 

around 3 GHz ranging from 35.5 GHz to 38.5 GHz. S-parameter result overall shows very good 

matching and minimum coupling.  

7.3.2.2 Gain Results and Analysis 

Figure 7. 10 (a) and (b) show electric and magnetic field radiation pattern for the Ku-band 2 × 

2 array antenna. From the electric field radiation pattern, a maximum gain of 12.7 dBi is found 

with 36 dB cross polarization level at 0°. Similarly, for the magnetic field, a gain of 12.8 dBi 

is found at 0°, with a cross polarization level of around 40 dB. This antenna has a decent amount 

of back-lobe radiation which can be improved by implementing a back reflector. 

 

(a) 

 

(b) 

Figure 7. 10 (a) E- and (b) H-plane field pattern for Ku-band element in the 2 × 2 Ku- and 4 × 4 Ka- band - multiband 

antenna. 
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Figure 7. 11 (a) and (b) show electric and magnetic field radiation pattern for the Ka-band 4 × 

4 array antenna. From the electric field radiation pattern, a maximum gain of 18.7 dBi is found  

with 50 dB cross polarization level at 0°. Similarly, for the magnetic field, a gain of 18.55 dBi 

is found at 0°, with a cross polarization level of around 60 dB. This antenna has a decent amount 

of back-lobe radiation which can be improved by implementing a back reflector. 

 

7.4 Ku-, Ka- Multiband with 4 × 4 Ku- and 8 × 8 Ka- band - multiband 

antenna band configuration 

 

7.4.1 Design Configuration 

For designing 4 × 4 Ku and 8 × 8 Ka-band multiband antenna, again CST MW Studio 2017 is 

used. It is important to note that, the patches are independent as they are not touching each 

other. This kind of configuration is possible as the frequency ratio of these two bands are almost 

2 to 1. Designing from the top, first the patches are placed 0.7𝜆 distant from each other. Then, 

one by one feed layer for Ku-band, Ka-band, ground layer and then again Ka-band feed layer 

and Ka-band feed layer is designed. Ku-band operates at 18.7 GHz and Ka-band operates at 37 

  

Figure 7. 11 (a) E- and (b) H-plane field pattern for Ka-band element in the 2 × 2 Ku- and 4 × 4 Ka- band - multiband 

antenna. 
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GHz, the ratio between patch sizes of these antennas are 2 to 1. Hence, both patches can be 

designed on the same layer without touching each other. The antenna layers are shown in Figure 

7. 12. However, the feed layers are in different layers and hence their corresponding 50Ω 

widths are different. The Ku-band being further from the ground plane, has greater width than 

the Ka-band and can be seen from figure (b). 

Ku- slot Ka- slot

 

(c) 

 

Figure 7. 12 (a) Patch layer, (b) two feed layers from top, (c) ground plane of the 4 × 4 Ku- and 8 × 8 Ka- band - 

multiband antenna 

 

Ka- patch

Ku- patch

 

(a) 

Ku- feed

Ka- feed
 

(b) 
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7.4.2 Simulation Result 

 

7.4.2.1 S- parameter Results and Analysis 

After a rigorous design and optimization, simulation was performed using CST MW Studio 

2017 after setting up the boundary conditions and environment accordingly. The S-parameter 

 

Figure 7. 13 S-parameter result for Ku-band element in the 4 × 4 Ku- and 8 × 8 Ka- band - multiband antenna 
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Figure 7. 14 S-parameter result for Ka-band element in the 4 × 4 Ku- and 8 × 8 Ka- band - multiband antenna 
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results for the Ku- and Ka- bands are shown respectively in Figure 7. 13 and Figure 7. 14. For 

the Ku-band, the resonant frequency where the best match achieved is at 18.7 GHz proving the 

design to an efficient one. The bandwidth around 18.7 GHz frequency is also higher than the 

500 MHz requirement. S21 or S12 or isolation between ports is also higher than 30 dB which 

is better than the requirement (25 dB). 

For the Ka-band S-parameter results, both S11 and S22 resonate at 37 GHz with bandwidth 

wider than the requirement. Also, the isolation between ports is greater than 35 dB which makes 

this design suitable for fabrication and further investigation. 

7.4.2.2 Gain Results and Analysis 

Figure 7. 15 (a) and (b) show electric and magnetic field radiation pattern for the Ku-band 4 × 

4 array antenna. From the electric field radiation pattern, a maximum gain of 19.0 dBi is found 

with 45 dB cross polarization level at 0°. Similarly, for the magnetic field, a gain of 18.9 dBi 

is found at 0°, with a cross polarization level of around 50 dB. This antenna has a decent amount 

of back-lobe radiation which can be improved by implementing a back reflector which 

improves the front-to-back lobe. 

 

  

Figure 7. 15 (a) E- and (b) H-plane field pattern for Ku-band element in the 4 × 4 Ku- and 8 × 8 Ka- band - multiband 

antenna. 
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Figure 7. 16 (a) and (b) show electric and magnetic field radiation pattern for the Ka-band 8 × 

8 array antenna. From the electric field radiation pattern, a maximum gain of 25.5 dBi is found 

with 50 dB cross polarization level at 0°. Similarly, for the magnetic field, a gain of 25.2 dBi 

is found at 0°, with a cross polarization level of around 55 dB. This antenna has a decent amount 

of back-lobe radiation which can be improved by implementing a back reflector which 

improves the front-to-back lobe ratio. 

 

7.5 Measurement Results and Analysis 

Fabrication and measurement results are achieved for 4 × 4 Ku- and 8 × 8 Ka-band and 4 × 4 

Ku- and 8 × 8 Ka-band multiband antenna. S-parameter and radiation pattern are obtained using 

Agilent’s E8361A PNA series vector network analyser in the anechoic chamber. Meticulous 

measures were taken to ensure other radiations are absent while measuring the S-parameter and 

radiation pattern result. 

 

(a) 

 

(b) 

Figure 7. 16 (a) E- and (b) H-plane field pattern for Ka-band element in the 4 × 4 Ku- and 8 × 8 Ka- band - multiband 

antenna. 
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7.5.1 4 × 4 Ku- and 8 × 8 Ka-band 

Fabrication is done with meticulous precision and measurement is performed carefully. 

Photograph of the antenna is shown in Figure 7. 17 (a) and (b). The Ku-band patches are 

surrounded by the Ka-band patches. The connectors are touching the feed lines in the middle 

layers. Results obtained from Chapter 6 regarding amplitude weighing for SPD method is used 

for this simulation and fabrication. 

 

7.5.1.1 S-parameter result 

As per design guideline, S11 and S22 should be below -10 dB at the design bandwidth. S-

parameter results show similarly a good match between the simulation and the measurement 

for the 4 × 4 Ku-band of the 4 × 4 Ku- and 8 × 8 Ka- band - multiband antenna. In Figure 7. 18 

(a) both S11 and S22 measurement result is shown and the result seem to resonate at 18.7 GHz 

with a bandwidth of approximately 1 GHz. At 18.7 GHz, the S11 and S22 levels are -19 dB 

and -17 dB. For isolation between the ports, S21 or S12 should be below -25 dB according to 

 

(a) 

 

(b) 

Figure 7. 17 Assembled 4 × 4 Ku- and 8 × 8 Ka-band antenna (a) size comparison, (b) zoomed in patch layers 
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the design goal. In Figure 7. 18 (b), S11 and S22 are compared with the simulation result and 

is found to be less than -30 dB throughout the spectrum and hence meet the design requirement 

of 25 dB isolation easily. 

For the Ka-band configuration, it is an 8 × 8 array. The reflection coefficient or S11 / S22 and 

isolation or S21 / S12 measurement results are shown along with the simulation result in Figure 

7. 19. The measurement results of the reflection coefficient or S11 / S22 follow the simulation 

result very well proving the design and fabrication efficiency. Both the S11 and S22 resonate 

 

(a) 

 

(b) 

Figure 7. 18 S-parameter results of (a) Reflection coefficient S11 and S22 and (b) isolation between ports S21 and S12 

simulation and measurement for Ku-band element in the 4 × 4 Ku- and 8 × 8 Ka- band - multiband antenna. 
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(a) 

 

(b) 

Figure 7. 19 S-parameter results of (a) Reflection coefficient S11 and S22 and (b) isolation between ports S21 and S12 

simulation and measurement for Ka-band element in the 4 × 4 Ku- and 8 × 8 Ka- band - multiband antenna. 
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at 37 GHz with a magnitude of -19 dB and -19.4 dB. The bandwidth is more than 1.5 GHz 

around the resonant frequency. The isolation or S21/ S12 also follow the simulation result as 

the isolation is more than 35 dB throughout the spectrum.  

7.5.1.2 Radiation pattern 

Two identical antennas are used to measure the radiation pattern by calculating the amount of 

radiation transmitted and received. The measurement result is then plotted in the same plot as 

the simulation result. In Figure 7. 20 (a) and (b), the electric field radiation pattern of the Ku-

band of the 4 × 4 Ku- and 8 × 8 Ka- band multiband antenna is shown.  

  

 

 

(a) 

 

(b) 

Figure 7. 20 Simulation and measurement result of E-plane radiation pattern for (a) co-polar and (b) cross-polar of the Ku-

band element in the 4 × 4 Ku- and 8 × 8 Ka- band - multiband antenna. 

 

 

(a) 

 

(b) 

Figure 7. 21 Simulation and measurement result of H-plane radiation pattern for (a) co-polar and (b) cross-polar of the 

Ku-band element in the 4 × 4 Ku- and 8 × 8 Ka- band - multiband antenna. 
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Both the co-polar and cross-polar pattern follow each other in the same fashion. The magnitude 

of the co-polar pattern at 0° is maximum for co-polar radiation. The cross-polar level is very 

low at 0° making the design very suitable for radiometer operation. The magnitude for co-polar 

electric field is 19.7 dBi and for cross-polar, it is -30 dB.  

 

 

(a) 

 

(b) 

 

(c) 

 

(d) 

Figure 7. 22 Simulation and measurement result of E-plane radiation pattern for (a) co-polar and (b) cross-polar of the Ka-

band element in the 4 × 4 Ku- and 8 × 8 Ka- band - multiband antenna, (c) and (d) line plot of (a) and (b) 
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For the magnetic field radiation pattern, the measurement result of the Ku-band is shown in 

Figure 7. 21. Both co-polar and cross-polar measurement results follow the simulation radiation 

pattern. The main beam is again at 0° for the co-polar and the magnitude is 19.7 dBi. For the 

cross-polar pattern, at 0° the cross-polar level is at around -28 dB.  

 

 

(a) 

 

(b) 

 

(c) 

 

Figure 7. 23 Simulation and measurement result of H-plane radiation pattern for (a) co-polar and (b) cross-polar of the 

Ka-band element in the 4 × 4 Ku- and 8 × 8 Ka- band - multiband antenna, (c) and (d) line plot of (a) and (b). 
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For the 8 × 8 Ka- band array, the radiation pattern result for the electric field is shown in Figure 

7. 22. In Figure 7. 22 (a) the co-polar pattern is plotted for both the simulation and measurement. 

The measurement result and the simulation result have the same shape and follow each other 

closely. For the co-polar pattern, the main lobe is at 0° and the magnitude is 23.2 dBi. For the 

cross-polar pattern, the minimum cross polarization is also at 0° and the magnitude is -27 dB.  

For the magnetic field pattern, Figure 7. 23 (a) and (b) show the co-polar and cross-polar 

radiation patterns. For both ports, again the simulation result follows the measurement result. 

The main lobe of the co-polar pattern is at 0° and the magnitude is 23.2 dBi. For the cross-

polarization pattern, the cross polarization at 0° is -28 dB.  

 

7.5.2 8 × 8 Ku- and 8 × 8 Ka-band 

After fabrication and assembly, the Assembled 8 × 8 Ku- and 8 × 8 Ka-band antenna is 

measured. Photograph of the assembled antenna is shown in Figure 7. 24. There are four 

connectors to connect to the four ports. Two ports are for the Ku-band and the rest two ports 

are for the Ka-band dual polarizations.  

 

 

 

(a) 

 

(b) 

Figure 7. 24 Assembled 8 × 8 Ku- and 8 × 8 Ka- multi-band antenna (a) size comparison, (b) zoomed in patch layers 
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7.5.2.1 S-parameter result 

S-parameter results show a similar trend between the simulation and the measurement. As a 

must requirement, S11 and S22 should be below -10 dB. In Figure 7. 25 (a) both S11 and S22 

measurement result is shown for the 8 × 8 Ku-band and the result seem to resonate at 18.7 GHz 

with a bandwidth of approximately 1 GHz. At 18.7 GHz, the S11 and S22 levels are -20 dB 

and -21.3 dB. For isolation between the ports, according to the design goal, S21 or S12 should 

be below -25 dB. In Figure 7. 25 (b), S21 and S12 are compared with the simulation result and 

is found to be less than -40 dB throughout the spectrum and hence meet the design requirement 

of 25 dB isolation easily.  

 

For the Ka-band configuration, it is also an 8 × 8 array. The reflection coefficient or S11 / S22 

and isolation or S21 / S12 measurement results are shown along with the simulation result in 

Figure 7. 26. The measurement results of the reflection coefficient or S11 / S22 follow the 

simulation result very well proving the design and fabrication validity. Both the S11 and S22 

resonate at 37 GHz with a magnitude of -17.1 dB and -15.8 dB. The bandwidth is more than 2 

 

(a) 

 

(b) 

Figure 7. 25 S-parameter results of (a) Reflection coefficient S11 and S22 and (b) isolation between ports S21 and S12 

simulation and measurement for Ku-band element in the 8 × 8 Ku- and 8 × 8 Ka-band multiband antenna. 
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GHz around the resonant frequency. The isolation or S21/ S12 also follow the simulation result 

as the isolation is more than 35 dB throughout the spectrum.  

 

7.5.2.2 Radiation pattern 

Using state-of-the-art anechoic chamber, Agilent’s VNA and two identical antennas, the 

fabricated antenna is measured and using Matlab and Origin, plotted against the simulated data 

generated in CST. In Figure 7. 27 (a) and (b), the electric field radiation pattern of the Ku-band 

of the 8 × 8 Ku- and 8 × 8 Ka- band multiband antenna is shown. The co-polar and cross-polar 

results show very similarity with the simulated results. The magnitude of the co-polar pattern 

at 0° is maximum for the co-polar and minimum for the cross-polar pattern. This feature  makes 

the design very suitable for the radiometer operation. The magnitude for co-polar electric field 

is 22.22 dBi and for cross-polar, it is -21.1 dB.  

 

(a) 

 

(b) 

Figure 7. 26 S-parameter results of (a) Reflection coefficient S11 and S22 and (b) isolation between ports S21 and S12 

simulation and measurement for Ka-band element in the 8 × 8 Ku- and 8 × 8 Ka-band multiband antenna. 
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For the magnetic field, the measurement result of the Ku-band is shown in Figure 7. 28. Both 

co-polar and cross-polar measurement results follow the simulation pattern. The main beam is 

 

(a) 

 

(b) 

 

(c) 

 

(d) 

Figure 7. 27 Simulation and measurement result of E-plane radiation pattern for (a) co-polar and (b) cross-polar of the 

Ku-band element in the 8 × 8 Ku- and 8 × 8 Ka- band - multiband antenna, (c) and (d) line plot of (a) and (b) 
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(a) 

 

(b) 

 

(c) 

 

(d) 

Figure 7. 28 Simulation and measurement result of H-plane radiation pattern for (a) co-polar and (b) cross-polar of the 

Ku-band element in the 8 × 8 Ku- and 8 × 8 Ka- band - multiband antenna, (c) and (d) line plot of (a) and (b) 
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again at 0° for the co-polar and the magnitude is 22.7 dBi. For the cross-polar pattern, the 

 

 

(a) 

 

(b) 

 

(c) 

 

(d) 

Figure 7. 29 Simulation and measurement result of E-plane radiation pattern for (a) co-polar and (b) cross-polar of the Ka-

band element in the 8 × 8 Ku- and 8 × 8 Ka- band - multiband antenna, (c) and (d) line plot of (a) and (b) 
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minimum is at 0° at around -20 dB. For the 8 × 8 Ka- band array, the radiation pattern result 

 

(a) 

 

(b) 

 

(c) 

 

(d) 

Figure 7. 30 Simulation and measurement result of H-plane radiation pattern for (a) co-polar and (b) cross-polar of the 

Ka-band element in the 8 × 8 Ku- and 8 × 8 Ka- band - multiband antenna, (c) and (d) line plot of (a) and (b) 

 



Chapter 7: Multi-band antenna  201 

for the electric field is shown in Figure 7. 29. In Figure 7. 29 (a) the co-polar pattern is plotted 

for both the simulation and measurement. The measurement result follows the simulation result 

closely. For the co-polar pattern, the main lobe is at 0° and the magnitude is 23.1 dBi. For the 

cross-polar pattern, the minimum cross polarization is also at 0° and the magnitude is -20 dB. 

For the magnetic field pattern, Figure 7. 30 (a) and (b) show the co-polar and cross-polar 

radiation patterns. For both ports, the measurement result is similar to the simulation result. 

The main lobe of the co-polar pattern is at 0° and the magnitude is 23.2 dBi. For the cross-

polarization pattern, the cross polarization at 0° is -18 dB providing over 40 dB cross-

polarization level at 0°.  

 

7.6 Conclusions 

In conclusion, this chapter discusses multi-band structure of Ku- and Ka-band array. Starting 

with an overview, this chapter discusses the structure, simulation and measurement of different 

number of array element and compare them by plotting. 

The main finding of this chapter is the 8 × 8 Ku- and 8 × 8 Ka- band - multiband antenna, that 

can be used in the receiver module of the radiometer system that can collect data. The compact 

size and light weight of this antenna has made this ready to be used in a drone to fly over a 

field and collect moisture data to be processed. 

Starting with one single Ku-band surrounded by four Ka-band, then using the same design 

technique to extend the combination to 2 × 2 Ku- and 4 × 4 Ka- band, then to 4 × 4 Ku- and 8 

× 8 Ka- band and finally 8 × 8 Ku- and 8 × 8 Ka- band - multiband antenna. The frequency 

ratio of Ku-band at 18,7 GHz and Ka-band at 37 GHz makes the design possible. The ratio of 

the dimensions of the patch and inter-element distance become around 2 to 1, making the 

patches placed on the same layer without touching each other and still maintain symmetry. 
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The most challenging part of this design is to design the feed network. In the aperture coupled 

design, the feed line induces the radiation in the patch layer and the slotted ground plane. It is 

important to place the feed line exactly aligned with the ground slot and the patch. The complex 

part of this design is to design the feed network so that they do not overlap each other at the 

ground slot and patch. Also, whenever two microstrip lines are close to each other, spurious 

radiation results distortion in the radiation pattern and as well as overall impedance matching. 

On the other hand, if the antennas are too far from each other grating-lobe takes place and 

deteriorates the main lobe with equal side lobes. Grating-lobe is a bigger problem than the little 

spurious radiation, so this sacrifice is made. Hence the radiation patterns are not exactly 

symmetric, but they still have a clear distinct main lobe. Also, in the layered design each feed 

network is placed in different layer meaning the Ku-band are put further from the ground plane 

than the Ka-band. Further distance from the ground plane results in wider feed line, so 

optimization is necessary to design the Ku-band antenna. 

The SPD beam shaping algorithm is again applied on the array to shape the beam and suppress 

side lobes. A back reflector is also used to suppress the back-lobe radiation. The S-parameters 

and the radiation pattern for both bands are both simulated and measured after fabrication. The 

simulation and the measurement results are consistent and a proof of efficient designing. 

Inclusion of 16 × 16 Ka-band is thought for future work. L-band array in the multiband 

structure is also planned for future work. 

In the end, these findings of this chapter can provide a cheap and efficient way to approximating 

the soil moisture data for Ku- and Ka-bands to improve resolution of the footprint of the 

radiometer.  
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8 Soil Moisture Measurement  

8.1 Overview 

After designing, fabrication and measurement of L-, Ku- and Ka-band antenna arrays and 

multi-band array, this chapter discusses the sensitivity measurement of these antennas for 

different moisture content of soil. Soil has different dielectric constants for different moisture 

contents and hence different emissions. The emission changes due to the change in the soil 

moisture or in another word due to the change in the dielectric constant of the soil. The goal of 

this chapter is not to measure the soil moisture content as many approximations are there to 

make and depending on soil type the retrieval algorithm can be different and most importantly 

the receiver part is not yet ready to test. Instead of the receiver part that is mobile and portable 

for the aircraft or drone, spectrum analyser is used to detect the radiation emitting from the soil 

by the antenna.  

The two most important things that play vital role in the soil moisture retrieval are the 

emissivity of the soil and the relationship between the dielectric property of soil and its 

reflection coefficient. The emissivity can be expressed as the ratio of the heat energy radiated 

from a material to that radiated from a perfect blackbody, at the same wavelength, temperature 

and the same viewing conditions. For a perfect reflector the emissivity is 0 and for a perfect 

blackbody or emitter it is 1. The emissivity of a surface depends on both the material and the 

nature of the surface. The emissivity also depends on the temperature of the surface as well as 

the wavelength and the angle. The implications of the influence of the soil moisture on the 

emissivity is a widely discussed research[264]. Modelling of the soil structure and algorithm 
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for the grey body approximation are not the scope of this research but will play role in the 

outcome of the soil moisture content.  

The dielectric properties of soil are affected due to the moisture content of the soil [265]. This 

relationship can be used to estimate and measure soil moisture [265-271]. Soil, consisting of 

many components, show different water holding attribute, salinity and metallic contents that 

affect the dielectric property. Considering soil classified as silty sand containing 77% sand, 14% 

clay and 9% slit, it was found in [266] that soil with dielectric constant at around 4, having 

only 8% water exhibits dielectric constant of around 4. For 29% moisture, the dielectric 

constant value rises up to 14 and the trend implies that the more water is present the more will 

be the dielectric constant. The dielectric constant of a material has direct relationship with the 

amount of emission. The higher the dielectric constant of any material, the more power is 

emitted and hence can be received. 
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Soil structure and moisture retrieval algorithm being out of scope, simplified relationship 

between moisture and emissivity is considered in this chapter. The assumptions that are made 

include soil dielectric constant increases with the increase in its water content and soil with 

higher dielectric constant emits more radiation than low dielectric constant soil. Temperature, 

ambience and radiation from outside were constant during the whole experiment. 

In this chapter, an experimental set up is established that is used as a proof of concept of the 

performance of the antenna system that was developed in the previous chapters. The outcome 

of this chapter is to detect variation in moisture content in soil in a controlled environment. 

 

8.2 Experimental Setup 

The experimental setup is developed in the MMARS (Monash Microwave, Antennas, RFID 

and Sensors) lab by Mr. Jiewei Feng, who is working on the receiving part of the antenna 

system. A conceptual schematic view is shown in Figure 8. 1. The spectrum analyser is a Rohde 

and Schwarz FSV Signal Analyzer 9kHz to 40 GHz. The low noise amplifiers have different 

 

Spectrum 
Analyser

Low noise 
amplifier

Soil

 

Figure 8. 1  Conceptual measurement set up schematic developed by Mr. Jiewei Feng from Monash University 
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gains for different frequencies ranging between 20 dB to 40 dB for higher frequencies. The 

experimental setup photos are presented in Figure 8. 2 and Figure 8. 3.  

Spectrum 
analyser

LNAs

 

Figure 8. 2 Experimental setup with the spectrum 

analyser. 

 

8× 8 Ku-
band array 
Antenna

Soil with 
controlled 
moisture

 

Figure 8. 3 Antenna positioning above the test soil for soil 

moisture measurement 

 

 

8.3 Results 

The measurement was performed using 2 × 2 L-band, 8 × 8 Ku-band, 8 × 8 Ka-band, and 8 × 

8 Ku- and 8 × 8 Ka-band multiband antennas. In each case, the measurement was performed 

in a controlled environment in the same temperature, air pressure and ambient lighting. Other 

microwave radiations were limited, and absorber foams were used to shield the setup in the 

utmost practical way. During the measurement, the clay soil was first dried using an electric 

oven, then water was measured and added to the dry soil to achieve wet soil with required 

moisture content. Then the measurement was performed, and the process was repeated. The 

spectrum analyser provides the received power level from the soil moisture as the antenna 

main-lobe was placed towards the soil. The distance between the antenna and the soil was set 

to be greater than the far field distance of the antenna. Depending on the moisture content, the 
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received power of the spectrum analyser was different, and the result are documented in this 

section.  

8.3.1 2 × 2 L-band antenna 

For the 2 × 2 L-band antenna, the result is shown here. The result shows the variation in the 

received signal strength with change in the moisture content. The far field distance for this 

structure is 270 mm, so the distance between the antenna and the soil was set to be around 300 

mm in this case. The result is shown in Figure 8. 4. 

 

Figure 8. 4. The x-axis of this graph is the percentage of moisture present in the soil. The 

moisture content is calculated using the following formula [272]. 

 

𝑃𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒 𝑚𝑜𝑖𝑠𝑡𝑢𝑟𝑒 =  
(𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑤𝑒𝑡 𝑠𝑜𝑖𝑙−𝑤𝑒𝑡 𝑜𝑓 𝑑𝑟𝑦 𝑠𝑜𝑖𝑙)

𝑤𝑒𝑡 𝑜𝑓 𝑑𝑟𝑦 𝑠𝑜𝑖𝑙
× 100 ……………………..(1) 
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The result shows the relationship between the moisture content and received power from the 

spectrum analyser. The more moisture is present, the more becomes the dielectric constant and 

hence more emissivity though the relationship is not simple but in this case this relationship is 

assumed as the soil and ambience are considered to be unchanged. Hence, the received power 

is increased with increase in the moisture content. Both the horizontal and vertical polarization 

of the antennas follow the same trend and their rate of change is also very similar. However, 

they have an offset which is due to the structure and different polarizations of the antenna 

system. The similar equation, assumptions and technique is used for measuring the Ku- and 

Ka-band antenna in next sections. 

 

8.3.2 8 × 8 Ku-band antenna 

For the Ku-band antenna, the received power level is relatively lower than that received from 

the L-band. The sensitivity of the moisture variation is also less than the L-band as expected. 

 

Figure 8. 4 Received signal strength variation with change in the moisture content for 2 × 2 L-band antenna. 
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The Figure 8. 5 shows the received power from the spectrum analyser with variation in the 

moisture content.  

 

The result is obtained using a low noise amplifier (LNA) otherwise the difference is not 

tangible due to the noise. For the horizontal and vertical ports, an offset is observed which is 

also expected due to the nature of the design. The level of the power received is around -75 

dBm, which is enough to process in the receiving module but can be improved further with a 

better LNA. Again, similar trend is observed for the horizontal and vertical polarizations and 

the offset between these two polarizations is around 2 dBm.  

 

 

8.3.3 8 × 8 Ka-band antenna 

Ka-band is the highest frequency band among the other bands discussed in this thesis. Being 

the highest frequency band, this shows the lowest sensitivity due to the moisture content 

variation. The received power is very low and around -80 dBm range. A quality LNA was used 

 

Figure 8. 5 Received signal strength variation with change in the moisture content for 8 × 

8 Ku-band antenna. 
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to amplify the received power without affecting the noise. As the moisture content increases, 

the received power increases quite steadily.  

 

Both the horizontal and vertical port results are measured and shown in Figure 8. 6. Around 2 

dBm offset is seen to be present between these two orthogonal polarizations. The relationship 

between these two ports are of less significant for the moisture retrieval calculation.  

 

8.3.4 8 × 8 Ka-band, and 8 × 8 Ku- and 8 × 8 Ka-band multiband antenna 

The multiband antenna works in both Ku- and Ka-bands and it has four ports for the horizontal 

and vertical polarizations of each band. Technically it is two different antennas that has the 

same physical aperture. The result of the measurement is similar to what was found in the 

individual 8 × 8 Ku- and 8 × 8 Ka-band antenna but with a small deviation due to the different 

structure. The results are shown in Figure 8. 7.  

 

Figure 8. 6 Received signal strength variation with change in the moisture content for 8 × 8 

Ka-band antenna. 
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8.4 Discussion 

From the measurements that are performed, it can be observed that the variation in the moisture 

content results from the variation in the moisture content of soil. The experimental set up 

ensures that there is only one variable which in this case is the moisture content of the soil and 

hence the resultant variation in the received power must be due to that variation. This is 

assumed to be the proof of concept for the measurement. These data if stored locally can be 

used to compared against historical data to compare the moisture content from history. In real 

world, this method will need to be modified as there are other variables such as temperature, 

type of soil, humidity and so on. The challenge of this measurement was to ensure the same 

temperature, humidity and microwave noise in the environment during the data collection. The 

measurement was time consuming and maximum effort was put in order to maintain the 

confidence of the data. The exclusions of this measurement are the effect of penetration depth 

due to different frequency bands, the humidity of the environment present during the 

 

Figure 8. 7 Received signal strength variation with change in the moisture content for 8 × 

8 Ku- and 8 × 8 Ka-band multiband antenna. 
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measurement as it was controlled by the airflow control system. Overall, this measurement 

results prove the sensitivity of the antenna with moisture variation in soil and the future plans 

are to use this system with a combination of algorithms based on the climate and soil type to 

achieve better results. At this stage this solution will only provide data with respect to a 

historical dataset but in order to convert this data into brightness temperature the back end of 

the antenna or the receiver module has to be designed. Conclusions 

This chapter discusses about the soil moisture measurement technique for the validation of the 

antenna system designed in this thesis. Soil moisture is one of the most important parameters 

in agriculture, weather prediction, disaster modelling and in the context of Australia, it is even 

more important as water is scarce. The proposed antenna system was designed, fabricated and 

measured in terms of antenna properties such as gain, directivity, return loss, isolation and 

radiation pattern but in order to prove the validity of the antennas, it is important to test them 

to measure their sensitivity for different soil moisture content. This chapter studies the 

sensitivity of the antennas designed in the previous chapters for different soil moistures and 

documents the result. The most important finding of this chapter is, it provides the proof of 

concept of the natural emission variation of the soil with variation in its moisture content. The 

shortcomings of this chapter are, the soil depth was not discussed as different frequencies (L-, 

Ku- and Ka-bands) have different penetration depth and in real scenario, the soils have different 

structure, water capacity and hence emissivity.  
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9 Conclusions and Future Works 

The work presented in this thesis has been concerned with antenna elements design, array 

synthesis, beam shaping network design, multiband antenna formation and their potential 

impact on radiometer antenna system for soil moisture measurement. The motivation of the 

work can be summarised as follows. Microwave sensors can be categorized as active and 

passive, where passive being the most promising approach to measure the near surface soil 

moisture. The all-weather sensing ability, a fairly direct relationship between soil moisture and 

the permittivity of soil, and less sensitivity to vegetation, and roughness of the surface have 

made passive sensing an attractive method for last few decades. Therefore, Soil Moisture and 

Ocean Salinity (SMOS) mission launched by the European Space Agency (ESA), in November 

2009, and the Soil Moisture Active and Passive (SMAP) mission launched by the National 

Aeronautics and Space Administration (NASA), in 2015, both employ an L-band (1.41 GHz) 

radiometer to measure microwave emission from the land surface globally every 2 - 3 days. 

These satellites have a target accuracy of 0.04 m3/m3 through a radiometric transfer model and 

they retrieve the top ~5 cm soil moisture. This technique has serious implications such as its 

low spatial resolution, which is on the order of 40 km. The concern is to use this data for the 

agriculture sector as well as water management and weather forecasting. To use the soil 

moisture data for the agriculture sector, the resolution needs to be higher and the footprint of 

the antenna beam needs to be smaller. Active microwave sensing or radar can produce higher 

resolution, but it is impacted by the soil roughness and complex design as well as expensive 

architecture. Higher frequency radiometers can improve the resolution, but they lack the 

sensitivity and depth in the soil. To avail the advantage of both passive and higher resolution 
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sensing, multi-band radiometer working on L-band as well as Ku- and Ka-band can be 

employed. The antenna system is fully passive mitigating the effect of soil roughness, and Ku- 

and Ka-bands have higher resolution to improve the accuracy of the measurement. The work 

associated with the design and the development of these antenna systems has formed a 

significant part of a large Australian Research Council grant project, which has been awarded 

to the candidate’s supervisor Associate Professor Nemai Chandra Karmakar.  

9.1 Fulfilling the goal of the thesis 

As the main goal of this thesis project, a planar multiband antenna array working in Ku- and 

Ka-band ready to work as a standalone system to augment with L-band array has been designed, 

fabricated and measured. Also, L-band 8 × 8 along with Ku- and Ka-band 8 × 8 array have 

been designed. Due to the size of the L-band, 2 × 2 array has been tested and measured. Ku- 

and Ka-band 8 × 8 array antenna have been designed, fabricated, measured and analysed to be 

used as an independent radiometer system. 

Starting with linear polarized antenna, three separate designs of L-, Ku- and Ka-band element 

antenna have been discussed in Chapter 3. The challenge of this chapter was to find the suitable 

feeding technique that can be implemented in array structure for future research. Commercially 

used designing and simulation software CST has been used to design, optimize and simulate. 

In each design, the choice of substrate and thickness was kept the same for keeping the design 

as simple and symmetric as possible. Different substrates and feeding techniques have been 

explored before choosing the TLX-8 substrate from Taconic with a substrate thickness of 0.127 

mm. The reason behind choosing such a thin substrate is to minimize the width of the feed lines 

for the L-, Ku- and Ka-bands. The width of the feed lines depends on the substrate permittivity, 

frequency of operation and the distance from the ground plane. The feeding technique was 

chosen to be aperture-coupled feeding, as this technique allows to have separate feeding layers 

for different bands and polarizations. After performing optimization in simulation, a good 
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matching was found along with decent gain and radiation pattern. Finally, a single element Ku-

band with linear polarization was fabricated and measured in Monash University’s state-of-

the-art anechoic chamber for reflection performance and radiation pattern. The measurement 

result was found to be aligned with the simulation result. As designing and optimization can 

be very time consuming, a step-by-step flow chart has been developed after reporting the effect 

of changing various design parameters of the LP antennas. 

In Chapter 4, dual-polarized design of the three L-, Ku- and Ka-bands are discussed. After 

designing the antennas for the linear polarization, the natural next step was to extend the design 

to adapt dual-polarized design. Introducing one extra polarization provides one extra set of data 

from another polarization which is orthogonal to the linear polarization discussed in Chapter 3. 

The target was to design single element antenna working on L-, Ku- and Ka-bands, that have 

very good reflection coefficient or low reflection loss, very high isolation between the 

orthogonal ports or polarizations and decent gain. Again, TLX-8 with 0.127 mm thickness 

substrate was chosen for the design. The simulation was performed using CST Microwave 

Studio 2017. The feeding technique was chosen to be aperture-coupled with cross-shaped slots. 

The feed lines used were ‘Y’ shaped with a power divider. Two 100 Ω lines coming out of a 

50 Ω feed line ensures a very high isolation with good reflection coefficient. A decent gain was 

found for all three bands. After designing and optimizing, the next step was to fabricate and 

measure the performance. The measurement results followed the simulation result closely. 

Some fabrication and measurement error were present due to the connector assembly, and 

transportation but the overall performance was encouraging to design for the array antenna for 

further research. Similar to the previous chapter, again a step-by-step flow chart has been 

developed to help designing the DP aperture-coupled antenna working between these 

frequency bands. 
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After designing the single element antenna in both linear and dual polarizations for the L-, Ku- 

and Ka-bands, the next step was to design them in an array configuration for better gain and 

concentrated beam shape. The requirement of the project asked for 8 × 8 array antenna system 

for all three bands. For the L-band system, the 8 × 8 array would take up huge space and the 

Ku- and Ka-band arrays can be placed between two adjacent elements of the L-band. Also, in 

the multilayered structure, the L-band feed layers will be on the most distant feed layer from 

the ground layer thus, L-band array design has been done up to 8 × 8 for simulation only. A 2 

× 2 L-band antenna was fabricated and measured as the other bands will be placed in between 

these four L-band elements. For the Ku- and Ka-band array, the design was started from the 

scratch. Using the dual-polarized element antenna developed in Chapter 4, first a 2 × 2 array 

was developed. Upon optimization and further research, the array was extended from the 2 × 2 

to 4 × 4 and then 8 × 8 elements. On each step, the feed networks have been optimized to 

provide the best matching and high isolation as well as decent gain and cross-polarization level. 

There were many challenges to overcome including the Ka-band 8 × 8 design where due to the 

small size of the Ka-band, the feed lines are very close to each other. On one hand, placing 

antennas half-wavelength apart would put the feed lines too close to each other resulting 

coupling and distortion, on the other hand, placing antennas too far from each other would 

result in grating-lobe. Optimization is required to find the balance between these two effects 

and 0.7 wavelength was set to be the inter-element distance between two adjacent elements. 

Another problem that was present before adding a back-reflector was the back-lobe radiation. 

The main-lobe should ideally radiate all the energy but theoretically it is not possible. Portion 

of the radiation are radiated from the side-lobes and due to the aperture-coupled feeding, a 

significant portion of radiation also radiates from the back-lobe. The back-reflector is a metallic 

structure carefully placed to reflect the back radiation and redirect towards the main-lobe. The 

way to implement this is to place the reflector at a distance of ¼ wavelength which results in 
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90° phase difference. The back-radiation travel ¼ wavelength and reflects back another ¼ 

wavelength making ½ wavelength or 180° phase difference. The incident wave of back-

radiation already has 180° phase difference to the main-lobe and introducing a back-reflector 

contributes another 180° making a 360° or 0° phase difference to the main-lobe. In this way, 

the back-reflector actually improves the main-lobe radiation. 

In Chapter 5, the array antenna designing was performed for 8 × 8 L-, Ku- and Ka-bands but 

the feed network was uniform. Uniform feeding network resulted in -13 dB sidelobe level, 

which can also be proven from the theory. The problem with sidelobe is, if the sidelobes are 

too high, the power within the main-lobe and sidelobes become comparable. If the power 

radiated from the main-lobe and sidelobes are similar, it will pick up signals from all directions 

and it will be difficult to differentiate data received from the main-lobe and from the sidelobes. 

Thus, it is important to suppress the maximum sidelobe level (MSLL) to at least 25 dB below 

the main lobe and is the main concern in Chapter 6. The easiest way to manipulate sidelobe 

level is to excite the centre elements of the array more power than the elements on the corners. 

Gaussian, Taylor’s, Chebyshev’s are few common beam shaping techniques that provides 

lower sidelobe level. The problem with these distribution systems is practicality and cost 

efficiency. In order to ensure more than 25 dB suppressed sidelobes, the excitation of the corner 

element should be around 10 dB less than that of the centre elements, the next element from 

the corner should have excitation difference of around 8 dB and so on. For 8 × 8 array elements, 

these beam shaping techniques suggest more than 7 different power levels or 7 different line 

width. Due to the expensive fabrication process, the precision and sensitivity of the copper line 

plays significant role while pricing. If it was possible to design the feed network using fewer 

power levels, then it would be possible to fabricate with less precision and inexpensively. 

Staircase power distribution (SPD) method offers fewer power levels with similar performance 

when it comes to suppress the sidelobe levels. The array antenna designed in Chapter 5 for Ku- 
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and Ka-band are the subject of this chapter where different beam shaping algorithm was applied. 

Finally, for fabrication process, SPD method was chosen. The measure results displayed 

sidelobe levels below 25 dB with only 5 power levels. A brief analysis on different beam 

shaping technique was discussed. Few qualitative entities such as beam efficiency, maximum 

sidelobe level and 3 dB beamwidth for different algorithms were compared, plotted and 

analysed against each other before the conclusions. 

In Chapter 7, multi-band antenna is discussed. As mentioned earlier, an 8 × 8 L-band antenna 

takes huge space compared to 8 × 8 Ku- and Ka-band, thus only 8 × 8 Ku- and 8 × 8 Ka-band 

antennas are designed in the same shared aperture to work as an independent radiometer system 

to be used with an L-band radiometer system. Designing multiband antenna was the most 

complex design in this thesis, as it involved all the techniques discussed in the previous 

chapters plus multi-layered bands. The design procedure started from one Ku-band surrounded 

by 2 × 2 Ka-band elements. As the frequency of Ku- and Ka-bands have a ratio of 1: 2, the size 

of the patches for Ku- and Ka-bands have a ratio of 2:1 and it becomes possible to place one 

Ku-band patch in the centre surrounded by four Ka-band patches without touching each other. 

As, the design grows from one Ku-band by 2 × 2 Ka-band to 2 × 2 Ku-band by 4 × 4 Ka-band, 

the feeding design becomes more complex. The complex part comes from the fact that, the 

slots in the ground plane of one band are not to be over/under passed by the feed lines of another 

band. To achieve this, the feed lines are designed very carefully. In some cases, it was 

impossible to avoid this situation, but optimization was achieved to minimize the effect of 

coupling. After this design, 4 × 4 Ku-and 8 × 8 Ka-band design was performed and optimized. 

This design was also fabricated and measured to compare with the simulation result. It is 

important to note that, for the multiband structure, as there are extra layers of feed lines, the 

line widths are different for different bands. The Ku-band feed layers were placed further from 

the ground plane to make use of the more space between the elements than that of the Ka-band. 
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Finally, an 8 × 8 Ku-band surrounded by 8 × 8 Ka-band multiband antenna was developed. 

Upon further investigation on the beam shaping and back-lobe suppression technique, this 

antenna was also fabricated, measured and analysed to compare with the simulation results. 

For future work, inter-band isolation is proposed as isolation between Ku- and Ka-band antenna 

is very important. 

Chapter 8 presents the measurement results of the 2 × 2 L-band, 8 × 8 Ku-band, 8 × 8 Ka-band 

and 8 × 8 Ku- and Ka-band multiband antenna. The antennas are placed towards a sample soil 

and the received emission is measured using spectrum analyser in Monash University’s 

MMARS lab. 

9.2 Contributions  

The novel outcomes of this thesis have been communicated through five peer reviewed 

conference publications and 2 under review journals. These contributions are listed below- 

1. Chapter 1 and 2: Introduction and Literature Review 

The overview of the soil moisture measurement using smart antennas are published in one 

conference proceeding- 

- M. Hassan and N. C. Karmakar, "Soil moisture measurement using smart antennas," in 

Electrical and Computer Engineering (ICECE), 2014 International Conference on, 2014, 

pp. 192-195.  

The prospect of using surface integrated wave (SIW) antenna for soil moisture radiometer is 

discussed and published in the following conference- 

- Shahriar Hasan Shehab, M. Hassan and N. C. Karmakar, “SIW slot antenna at Ka-band 

for soil moisture radiometer system” 2017 The 11th International Conference on Sensing 

Technology, Sydney, NSW, 2017  

 

2. Chapter 3: Linearly Polarized Antenna 



Chapter 9: Conclusions and future works  220 

Before choosing the dual-polarized feeding technique as the most suitable for this project, few 

studies including slot antennas working at Ka-band with linear polarization was explored. 

Starting with a single element, a 4 × 4 element array was developed. The findings of this 

research are published in the following conference proceeding- 

- M. Hassan, S. Dey and N. C. Karmakar, "Ka-band complementary reflector backed slot 

antenna array for soil moisture radiometer," 2015 International Symposium on Antennas 

and Propagation (ISAP), Hobart, TAS, 2015, pp. 1-4.  

 

3. Chapter 4: Dual Polarized Antenna 

A DP antenna working at Ku-band with high isolation is published in a conference proceeding. 

Different aperture-coupled configurations comparing the performance and explanation is 

discussed in this work. 

- M. Hassan and N. C. Karmakar, “Design Considerations of DP ACPA with Higher 

Isolation at Ku-band for Soil Moisture Radiometer” 2017 IEEE Asia Pacific Microwave 

Conference (APMC), Kuala Lumpur, Malaysia, 2017  

 

4. Chapter 5: Array Antenna Design 

Array synthesis with beam shaping for Ku- and Ka-band 8 × 8 elements are discussed and two 

journals are under review in IEEE Transactions on Antenna and Propagation and Progress In 

Electromagnetics Research (PIER). 

5. Chapter 6: Array Analysis 

Different beam shaping algorithm for the radiometer antenna is discussed and published in the 

following conference proceeding – 

- M. Hassan and N. C. Karmakar, "Comparative study of different power distribution 

methods for array antenna beamforming for soil moisture radiometer" 2017 The 11th 

International Conference on Sensing Technology, Sydney, NSW, 2017  

 

6. Chapter 7: Multiband Antenna 
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Multiband antenna array for soil moisture radiometer is discussed and a journal is submitted to 

IEEE Access and is under review.  

 

9.3 Future directions 

The following issues are needed to be addressed in future for further enhancement of the 

radiometer antenna proposed in this research: 

Triple band multi-layered design with L-, Ku- and Ka-bands in the same physical aperture can 

be designed using the same principal discussed in Chapter 7. L-band has larger size, and the 

system will not be suitable to fit in smaller drone but still can be fitted in an aircraft. 

Phased array system: L-band phased array system can be obtained commercially and are being 

used in different expeditions but designing phased array systems for the Ku- and Ka-band are 

challenging due to their smaller size. Different technology such as, GaAs 1.5 µm can be 

implemented for designing the phase shifters. This technology is being investigated at the 

candidate’s research group at present. 

Back-end receiver: The antenna system developed in this thesis will act as a front end for the 

radiometer system, but to process the data and calculate the brightness temperature, a receiver 

module must be developed. This back-end receiver system development is also a part of the 

research project granted by the ARC. The candidate and his colleagues are working on the 

development at present. 

Soil moisture retrieval algorithm: Due to the variation in the soil surface, the data received by 

the radiometer must be translated keeping the terrain and effect of vegetation in mind. In the 

Department of Civil Engineering, here at Monash University, different techniques are being 

investigated. 
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Assemble and test: The antenna, phase shifters and the back-end circuitry must be assembled 

before testing and using to measure soil moisture. Given the complexity of the design, this will 

be a challenging task. 
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