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Abstract 

A prototype imaging array utilizing tapered slot antenna elements is investigated for 

potential use in radio astronomy. The design utilizes a previously reported substrate 

integrated waveguide style feed for the antenna element. The reported behavior of a 

tapered slot antenna is reproduced within CST Microwave Studio simulator, and the 

design parameters in the previous design were ported to a higher frequency and adjusted 

to increase directivity. Approximately symmetric 3 dB beamwidths are achieved in the 

simulator. Array simulation is limited in scope; a prototype, sixteen element planar array 

was fabricated and measured. Mutual coupling effects between elements cause adverse 

radiation performance compared to simulated predictions. Array performance is 

improved by using an alternate array configuration that introduced electrical boundaries 

between adjacent elements. Cross-polarization performance and array element spacing 

remain significant challenges to the antenna and feed technology for use in radio 

astronomy. 
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Chapter 1 Introduction 

1.1 Focal Plane Arrays and Imaging for Radio Astronomy 

Focal plane arrays (FPA) are of increasing interest within the radio astronomy 

community [1]. Several of the design concepts for the future Square Kilometer Array 

(SKA) radio telescope require an FPA. Some of these concepts utilize a single reflector 

with a multibeam receiver to increase sensitivity. An example of this approach is the 

Large Adaptive Reflector design, in which a focal plane array is to be used to reduce 

beam distortion from the single large reflector [2]. Other designs have multiple reflector 

dishes, each with their own focal plane array. The elements in the array are electronically 

combined to form an equivalently large synthetic aperture. The Karoo Array Telescope, 

MeerKAT, and the Canadian-Australian collaboration, Australian Square Kilometer 

Array Project (pictured in Figure 1-1) are current SKA concepts that showcase this 

approach [3]. Central to all the leading SKA design concepts is the necessity for low cost, 

wide bandwidth antennas with efficient radiation performance.  

 

Figure 1-1: Concept Image of ASKAP with Focal Plane Phased Arrays Visible [3] 
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The potential of synchronous image sampling, in which post processing can be applied to 

a large number of array elements simultaneously - similar to charge coupled device 

(CCD) based techniques currently employed within the visible spectrum – has generated 

a high level of enthusiasm. Multibeam imaging systems can observe extended 

astronomical sources faster than a traditional single beam or phased array telescope, 

while maintaining a comparable level of performance to single beam systems. Accretion 

disks and dust emissions in forming stars, as well as mapping galaxy clusters and the 

cosmic microwave background are examples of extended sources that are of current 

scientific interest [1].  

A smaller scale implementation of a multibeam system using a single reflector is already 

in operation at the James Clerk Maxwell Telescope. The Heterodyned Array Program B-

Band (HARP-B) system uses 16 independent, high performance pixels each with their 

own independent heterodyne receiver chain operating between 325-375 GHz [4]. While 

this array’s advantage for mapping extended sources is limited by its conservative total 

array dimensions, the exceptional performance of each pixel shows promise for the 

approach in the future. 

Another current implementation of a multibeam telescope with more pixel elements is the 

30 m IRAM telescope in Spain. This system uses up to 117 independent beam pixels [5]. 

This large number of elements was possible because of the lower operating frequency 

and the fact that each receiver is a simple bolometer (as opposed to the sensitive 

heterodyne receivers used in HARP which are still cost prohibitive on such a scale), so no 

spectral information is available for the source. 
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For all of the discussed applications, an increase in the effective aperture area as well as 

the number of elements in the array area results in better performance. Suitable array 

elements must therefore be cheap to manufacture while retaining a high aperture 

efficiency to ensure that a large number can be practically used. 

1.2 Objective 

The objective of this research is to create a prototype antenna array to act as a technology 

demonstration for compact, low cost elements for use in radio astronomy imaging 

systems. The high frequency band of the SKA (18-24 GHz) was chosen as the operating 

band because it demonstrates the technology’s viability for use in the SKA, as well as the 

feed and antenna element’s performance at high, almost millimeter wave, frequencies 

while still being feasible to fabricate affordably.  

Tapered Slot Antennas (TSAs) are capable of operating over wide bandwidths and have a 

narrow beamwidth which is desirable in radio astronomy. Cheng Hao et al., [6], designed 

a TSA with a substrate integrated waveguide (SIW) feed. SIW offers the low loss 

characteristics that a highly sensitive, passive radiometric receiver front end requires, 

while being a compact, planar feed structure conducive to large arrays. As such, the 

design in [6] was a good starting point for the prototype array.  

Since in an imaging system, each beam has its own receiver chain, it is crucial to increase 

the gain of each element dramatically. In [6]’s design, the directivity is increased by 

power combining a linear array so that individual element gain was not emphasized. 

Previous simulation models of the transmission parameters of a tapered slot antenna with 

a microstrip feed have been verified in the commercially available software package CST 

Microwave Studio [7] which is based on finite integration technique (FIT). The accuracy 
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of CST for modeling SIW feeds as well as antipodal TSA designs is untested, so 

simulated results must be verified by measurements. [6] showed promising accuracy 

using the finite element based simulation package, Ansoft HFSS, however the measured 

radiation patterns were for the entire linear array, which is impractical for simulation in 

such packages.  

1.3 Thesis Organization 

This thesis is organized into five chapters including this introduction.  

Chapter 2 introduces tapered slot antennas (TSAs). Taper types as well as common 

feeding techniques are covered. The performance advantages and disadvantages are 

discussed as well as design parameters and their effect on performance as understood in 

previous empirical models. The progress surrounding substrate integrated waveguide 

transmission lines (used in the feeding system) is summarized.  The simulation of the 

antenna element and the design process are discussed in Chapter 3. Chapter 4 covers 

measurements conducted on the array to verify simulation. Array performance results, 

which could not be simulated due to computer memory limitations, are also included as 

measurements. A summary and recommendations for future work are given in Chapter 5.  
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2.0 Theory 

2.1 Radio Astronomy and Reflector Antennas 

Throughout the past century, radio astronomy has matured into a legitimate branch of 

astrophysics. Electromagnetic emission is observed from an astronomical point and from 

these observations astrophysicists can determine what mechanisms and sources are likely 

to produce them, based on the frequency and sometimes polarization of the emissions [8]. 

Given the huge distances separating the source and the receiver in such observations, 

active receiver systems are entirely impractical. It follows that passive receivers are 

largely utilized. Given the weakness of an extraterrestrial radiation from an astronomical 

source when it finally reaches the Earth, these receivers must be tremendously sensitive. 

Transmission line and other losses within the receiver must therefore be kept to a 

minimum. 

It is also important to determine that each observed emission does indeed come from a 

single effective source. To ensure this, spatial resolutions for radio telescopes must be 

dramatically higher than those for other applications. The spatial resolution is determined 

by the antenna size used in the telescope. Because single primary reflectors would be 

impractically large for resolutions approaching 1 arcsec, compact phased arrays are often 

utilized. Very Large Baseline Interferometers (VLBI) can be used to achieve even higher 

resolutions, well below 1 arcsec. These systems utilize several radio telescopes separated 

by large distances – continents or, in the case of Orbital VLBI systems, by the Earth’s 

orbit itself – to increase the effective antenna size. A phased array of size n has minimum 

detectable signal, ∆T, as given by [8] 
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e

syssys
array nA

A

Bt

T
T =Δ                                                                                                         (2.1) 

where Ae is the effective area of the antenna element used, Asys is the equivalent area of 

the phased array, B is the bandwidth of the measurement, t is the integration time and n is 

the number of elements in the array. 

For feed horns utilized in reflector systems, it is important that the element’s radiation 

pattern be able to optimally illuminate the antenna reflector. Under-illuminating the 

reflector will result in high spill-over efficiency (εs) as very little of the radiation from the 

feed horn will be lost over the reflector edge. On the other hand, with high spill-over 

efficiency, the taper efficiency (εt) will be reduced. The taper efficiency represents how 

uniform the feed horn’s radiation pattern is over the reflector surface. 

The overall aperture efficiency εap is given by [9] 

rbxptsap εεεεεεε =                                                                                                          (2.2) 

where εp, εx, εb, and εr are the phase, polarization, blockage and random error efficiencies 

which are of less relevance to this discussion as they are determined by the reflector 

design. 

In radio astronomy, it is critical that the feed horn technology used has appropriate and 

flexible directivity. While high directivity, or narrow beam width, will limit the spill-over 

losses and ensure that as much as possible of the weak signal reaches the receiver, a low 

taper efficiency means that (often very large) physical reflector size of the telescope or 

array element will not be fully utilized. This tradeoff between spill-over and taper 

efficiency is central to radio telescope design.  
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2.2 Focal Plane Imaging Arrays 

In an array, the combined antenna elements’ aperture does not fully cover the dimensions 

of the overall array. If, as in most cases, each array element is an identical antenna, with 

comparable performance, than the output of the receiver can be represented as a sum of 

sine (S) and cosine (C) waveforms [8] 

( ) ( ) ( )[ ] φθφθπφθφθ ddlkjBDjSC
lklk ∫ ∫ +−∝+ 2exp,,

,,
                                             (2.3) 

where B(θ,Φ) is the brightness of the source and D(θ,Φ) is each array element’s radiation 

pattern. The source signal intensity can then be determined as a smoothed Fourier 

transform from multiple measurements at varying spatial locations [8]. 

( ) ( ) ( ) ([∑∑
− −

++∝
K

K

L

L
lklk

lkjjSC
D

B φθπ
φθ

φθ 2exp
,

1,
,,

)]                                                 (2.4) 

When the measurement is asynchronously conducted from multiple locations, this 

technique is termed aperture synthesis and is quite commonly employed in modern radio 

astronomy. This approach is quite time consuming as it requires many successive 

measurements and long integration times to obtain a complete brightness map. 

Image synthesis uses the same image formation theory. However, it measures brightness 

maps using techniques more similar to those in radar systems. The reflector is 

simultaneously illuminated by several independent beams. Each array element within an 

array present in the focal plane of the reflector (a focal plane array) has an independent 

receiver chain and its own resultant beam. Thus rather than repeating the measurement 

with varied antenna locations, each location is measured simultaneously by the densely 

spaced array elements. Each element forms an angular pixel of the overall brightness 
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map, and in this way, observation times are significantly reduced, especially for highly 

extended or distributed sources [8]. 

Low element density in the focal plane array results in high grating lobes and lost 

information. For a reflector system the F-factor, f#, is defined as the ratio of the reflector 

focal length to its diameter. In an imaging array the elements must be spaced at an 

interval T according to the Rayleigh limit, λ/2, and the F-factor according to the 

following equation [8], [10], [11], [12]. 

2
#
λ

fT =               (2.5) 

2.3 Linear Tapered Slot Antennas 

2.3.1 Tapered Slot Antennas 

The tapered slot antenna was first proposed by Gibson in the late 1970’s in [13], although 

a similar element was proposed several years earlier [45]. 

The tapered slot antenna (TSA) is a class of endfire, traveling wave antenna known as 

surface wave antennas. An electromagnetic (EM) wave propagates through the surface of 

the antenna substrate with a phase velocity less than the speed of light. Elements with 

phase velocity greater than the speed of light are referred to as leaky wave antennas, 

which do not typically exhibit endfire radiation [10], [14]. The EM wave moves along the 

increasingly separated metallization tapers until the separation is such that the wave 

detaches from the antenna structure and radiates into free space from the substrate end.    

The E plane of the antenna is the plane containing the electric field vectors of the radiated 

EM waves [9]. For TSAs this is parallel to the substrate, since the electric field is 
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attached to the horizontally separated tapers prior to being radiated. The H plane, the 

plane containing the magnetic component of the radiated EM wave, runs perpendicular to 

the substrate, orthogonally to the electric field. The radiation planes are illustrated below 

in Figure 2-1. 

 

 

Figure 2-1: E and H Planes for a TSA 

 

Figure 2-2: Antipodal Geometry 



 10

Figure 2-2 illustrates an antipodal linear tapered slot antenna’s (which will be discussed 

at greater length in the subsequent sections and chapters) geometry. The asymmetric 

linear metallization flares on opposite sides of the antenna substrate are of particular 

interest to note. 

Several TSA types exist and are shown in Figure 2-3. The most common types are linear 

tapered (LTSA), Vivaldi or exponentially tapered (VTSA) and constant width (CWSA). 

The beamwidths of CWSAs are typically the smallest, followed by LTSAs and then 

VTSAs. As one would expect, the situation is opposite for the side lobe level [10], [14]. 

The antenna length, Lant, the antenna aperture width, ApW, and the substrate thickness, b, 

all directly affect the radiation performance of the TSA. The flare angle, α, is unique to 

linear tapered designs and determines the antenna’s input impedance. These parameters 

are shown in Figure 2-4. Vivaldi designs feature an exponential constant governing the 

taper profile that similarly affects the antenna’s input impedance. 

 

 

Figure 2-3: Taper Types:Vivaldi (a), Linear-Constant (b), Tangent (c), Vivaldi-Constant 

(d), Parabolic (e), Stepped-Constant (f), Linear (g), Broken-Linear [15] 
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Figure 2-4: Geometry of Linear Tapered Slot Antenna 
 

2.3.2 Performance Model 

TSAs behave adequately consistently with other surface wave antennas to adhere to the 

same empirical models well summarized in [16]. In particular TSA elements exhibit 

similar behavior to dielectric rod antennas (pictured in Figure 2-5). 

 

Figure 2-5: A Dielectric Rod Antenna [16] 

 

It is demonstrated in [10], [14] through experiment that TSAs have comparable trends in 

directivity and beamwidth to the standard cases for surface wave antennas discussed in 

[16]. Figure 2-6 shows these experimental results compared with the standard fitted 

curves presented in [16] for surface wave antennas.   
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Figure 2-6: Directivity (left) and 3 dB Beamwidth (E-plane, right) With Varied 

Normalized Length [10] 

 

Generally, directivity increases as the length, Lant, of a TSA is increased. For lengths 

between three and eight wavelengths, the increase is linear according to Formula 2.6 [14]. 

o

antL
D

λ
10

≈                                                                                                                      (2.6) 

The slope of this linear trend becomes more gradual for longer lengths resulting in 

dwindling returns for increased length. 

In order for the TSA to behave as an effective surface wave antenna, the following 

substrate requirement must be obeyed [10] 

 

( ) 03.01005.0 <−=<
o

r
o

eff bt
λ

ε
λ (2.7) 

 

For normalized effective thicknesses (teff) above 0.03, the high contrast between the 

antenna dielectric and free space is too dramatic and will result in large reflections back 
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into the antenna. This is manifest in the resulting radiation pattern that will suffer from 

unacceptably high grating lobes [10], [14].  An analysis of the effects of substrate 

permittivity on antenna performance is given in [44]. 

The EM surface wave in the antenna substrate is attached to the metal tapers in the 

antenna. Initially, when for most taper profiles the separation is relatively small, the EM 

wave is closely bound to the tapers. As the taper separation increases, the EM wave 

becomes progressively less attached to the metal tapers. This continues until after a taper 

separation of a half wavelength has been reached and the EM wave begins to radiate into 

free space. This means that the aperture width must be greater than a half wavelength in 

any TSA design in order for it effectively radiate [10], [14]: 

2
λ

>ApW                                                                                                                      (2.8) 

A discussion of the mutual coupling and radiation performance of a large TSA phased 

array is given in [41]. Reference [42] presents an in-depth analysis of inter element and 

overall array dimensions and spacing, again in the context of a tapered slot antenna 

phased array. Mutual coupling effects in such arrays can often be utilized to improve 

radiation performance [46].  

A consistent challenge in producing a more comprehensive model for the antenna type is 

the computational challenge that simulation represents. A discussion of this aspect in a 

finite-difference-time-domain analysis is presented in [43], and the challenges in 

simulation for the prototype design will be expanded on in subsequent sections. 
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2.3.3 Feed Types 

TSA’s are conveniently fed by slotline transmission lines where the slot can be connected 

to the antenna tapers. Similarly to microstrip technology, feeds can be directly connected 

to antipodal designs (shown in Section 2.3.7) or can use well-established microstrip to 

slot line transition designs directly prior to the antenna/feed interface for planar designs. 

Quarter wavelength stubs are usually used for this transition, although these have limited 

operating bandwidth. The effective frequency range of this transition can be improved by 

utilizing radial stubs [17]. Likewise waveguide or coaxial feeds can be utilized by typical 

transitions to slotline for these transmission lines [8], [10], [14].  

An example of a coaxial fed design is shown below in the bottom portion of Figure 2-7. 

Balanced antipodal designs can also be directly fed by stripline transmission line as also 

shown in Figure 2-7 [8].  

 

Figure 2-7: Common TSA Feeds [8] 
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2.3.4  Substrate Integrated Waveguide 

As mentioned in Section 2.1, it is critical for radio astronomy instrumentation to 

minimize transmission line losses in the receiver chain. Before reaching the low noise 

amplifier in the receiver, as much of the original signal power must be preserved as 

possible. A convenient metric for transmission line losses can be found in microwave 

resonator theory. The quality, or Q, factor of a resonator is given by [18] 

 

RClossEnergy
EnergyStoredAverageQ

oω
ω 1

sec/_
__

==                                                                   (2.9) 

 

where ωo is the resonant frequency, and R and C are the resistive and capacitive portions 

of the resonator’s equivalent circuit.  

In the past, because of their established high Q factors, waveguide transmission lines 

have been used in radio astronomy feeds. However, for large imaging arrays that could 

contain hundreds or even thousands of densely spaced elements, the technology becomes 

cumbersome and expensive. On the other hand, while integrated transmission lines, like 

microstrip lines, are more compact and cost effective, they typically feature low Q factors 

(high energy loss). 

Substrate Integrated Waveguide (SIW) is an emerging planar transmission line 

technology. It shows a great deal of potential for application in radio astronomy imaging 

feeds since it is compact and integrated. However, high Q factors have been reported for 

a variety of structures [19]. Table 2-1 shows a comparison of the Q factors of traditional 

planar transmission lines (microstrip in this case), waveguide and SIW resonators. 
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  Microstrip Air-filled Rectangular waveguide Integrated waveguide (SIW)

 Parameters h=10mil 
εr=2.33 
Z0=50Ω 

WR28  
(Ka band) 

h=10mil εr=2.33 
Tan δ =5.10-4 ,w=200mil 

Unloaded  
Q factor 

42 4613 462 

 

Table 2-1: Q Factors for Different Transmission Line Technologies [18], [20] 

 

Clearly, SIW still does not quite reach the low loss characteristic of traditional, air filled 

waveguide, but it does show promising gain versus typical values for microstrip. 

 

Figure 2-8: Parameter Topology of Substrate Integrated Waveguide [19] 

 

SIW technology provides equivalent planar structures for several different types of 

waveguides. Rectangular waveguide can be replaced with the substrate integrated 

rectangular waveguide substrate structure shown above in Figure 2-8 [19], [21].  

A dielectric substrate is placed in between two metal sheets. These metalized planes are 

the bottom and top of the equivalent waveguide which is of identical height, b. The 
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waveguide walls are simulated by tightly spaced metalized, laser drilled, via-holes.  The 

equivalent waveguide width, Weff, is given by [22] 

b
DWWeff 95.0

2

−=
           (2.10) 

where D and b are defined as in Figure 2-8. 

A wide variety of integrated components are possible in SIW including filters [23] and 

power dividers [24]. The technology can also be easily transitioned to other planar 

technologies [1]. An example transition to microstrip is shown below in Figure 2-9. 

 

Figure 2-9: SIW to Microstrip Transition [21] 

 

Power combiners (or reciprocally power dividers) have also been demonstrated in SIW 

technology [24]. Power combiners are of particular interest for this application since they 

could be used with weighting for beam forming in the array back end. They also 

demonstrate the potential for the array design to be utilized as a traditional phased array 

rather than for imaging.  
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Figure 2-10: T-Junction Power Divider in SIW [24] 

 

Several SIW power divider designs are presented in [24]. Figure 2-10 shows an H-plane 

T-junction with an inductive post to improve transmission parameters. A set of design 

curves governing the post diameter and position are verified and presented in [24]. 

2.3.5 TSA Advantages 

Tapered slot antennas have excellent performance for focal plane imaging arrays. They 

are planar elements, so they can be integrated on the same substrate as an SIW feed. 

Additionally, since they are planar structures, TSAs are lightweight compared to horn 

antennas.  

The cost of manufacturing each TSA array element is also lower than that for horn 

antennas, which makes it even more attractive in a FPA where many elements will be 

needed. 

TSAs - in spite of being planar - have performance comparable to horn antennas. 

Remarkably (considering the aperture dimensions), most TSA elements produce 

symmetric radiation patterns in the E and H planes. Typically they have narrower beam 
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widths than other planar antennas such as patch antennas. Beamwidths of 15° as well as 

symmetric beam patterns have been reported in literature [10], [14]. Likewise, TSAs also 

have higher element gain than traditional planar antennas [10], [14]. 

In addition to the decreased weight compared to horns, TSA planar arrays are much more 

compact than an equivalent horn array. This is illustrated below in Figure 2-11 which 

shows the physical apertures of a TSA array (a) and a horn array with equivalent 

effective aperture (b). 

 

Figure 2-11: Equivalent TSA and Horn Arrays [10] 

 

LTSAs, like all TSAs, can operate over very high bandwidth. Theoretically, TSAs have 

infinite bandwidth, since the only requirement for radiation is a minimum taper 
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separation that decreases at higher frequencies. Practically, however, the limiting factor is 

the bandwidth of the feed system, as well as the finitely narrow antenna slot width, which 

limits the upper frequency range. LTSAs have a wide effective bandwidth that is partly 

due to the constant input impedance of the antenna. Typical LTSAs have a constant input 

impedance of 80Ω [6], [10], [14]. Another desirable characteristic of LTSAs is that for 

large flare angles (>12°) the beam width does not vary significantly with frequency [10], 

[14].  

 

Figure 2-12: Trapped Surface Waves [25] 

 

The surface wave acting as a principle mechanism of radiation is advantageous compared 

to traditional broadside, integrated antennas. Usually in broadside antennas, a portion of 

the radiated energy becomes trapped in the substrate and is lost as shown above in Figure 

2-12 [25]. These undesired, trapped surface waves, of course, introduce loss to the 

antenna and can cause problematic mutual coupling with neighboring antenna elements 

in densely spaced arrays. This loss is not an issue for surface wave antennas, since 

keeping the EM wave bounded within the substrate is central to the designed behavior. 

Similarly, because TSA radiation patterns can have narrow beamwidths without the need 

for additional lenses - as is often required for less directive planar antennas - the 
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dielectric loss as well as the losses from reflections at the lens boundaries associated with 

these lenses can be entirely avoided. 

An existing design for an SIW fed LTSA is available in [6]. Using this design as a 

reference allows for a reduced design time which helps significantly given the extensive 

CPU times required for the simulations on the TSA structure. 

2.3.6 Linear Tapered Slot Antennas 

Of the various established taper profiles discussed, the linear taper is selected for the 

technology demonstrator.  

As mentioned previously, LTSAs are the best compromise between beamwidth and 

sidelobe level [10], [14]. While the Vivaldi taper and its derivatives offer lower sidelobe 

levels than LTSAs, their beamwidth tends to be larger. Conversely, constant width slot 

antennas have higher sidelobe levels but smaller beamwidths than linear tapered designs. 

Since both metrics are important to imaging arrays, the linear taper is an ideal 

compromise.  

Another highly desirable aspect of the linear taper profile is its constant input impedance. 

As noted in Section 2.3.5, LTSAs have an input impedance of 80Ω independent of the 

operating frequency. This figure was predicted through conformal mapping and has been 

consistent with measurements over a 3:1 frequency range [10]. This invariant impedance 

makes designing the transition form an unorthodox feed like the SIW feed discussed in 

2.3.4  more feasible while maintaining the wide bandwidths desirable in the application. 
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2.3.7 Antipodal Flares 

Several TSA designs utilize antipodal flares. The tapers are on opposite sides of the TSA 

substrates as shown in Figure 2-13.  

Typically, antipodal designs are easier to match with the feeding system, which results in 

better S11 or Voltage Standing Wave Ratio (VSWR) performance [8].  

The SIW fed design given in [6] utilizes antipodal flares. This is required to rotate the 

SIW E-field, which is perpendicular to the substrate as it would be within the equivalent 

waveguide structure. The antipodal flares ensure that this field is translated into the E 

plane of the TSA – as the flares become more and more separated, the horizontal electric 

field is rotated into the vertical H plane parallel to the antenna substrate (as shown in 

Figure 2-1). 

 

 

Figure 2-13: Antipodal Vivaldi TSA [8] 
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Unfortunately, antipodal flares double the input impedance of the TSA [6]. This means 

that for the LTSA design, the usual 80Ω input impedance is increased dramatically to 160 

Ω. Because of the limited substrate thickness, SIW designs are usually limited to about 

30Ω which introduces a significant mismatch with the antenna input [6]. To compensate 

for this discrepancy a backwards extension in the taper flares prior to interfacing with the 

SIW feed is used in [6] and shown in Figure 2-14. 

 

Figure 2-14: Backwards Extension Width 

 

Using this approach, an acceptable impedance match is maintained in [6] over the wide 

operating bandwidth so attractive in TSA designs. The reflection parameter, S11, of the 

design in [6] is shown over the 9-18 GHz bandwidth in Figure 2-15. 

The S11 value is below the typical -10 dB specification for antenna feeds. 

Cross-polarization levels are also typically much higher in antipodal designs [26]. Using 

traditional feeds, relative cross-polarization levels of -8 to -12 dB for antipodal designs 
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are reported in [8]. In comparison, planar TSA designs would usually have more 

acceptable peak cross-polarization levels of approximately -20 dB [8].  

 

 

Figure 2-15: Simulated S11 of an Antipodal TSA [6] 

 

Using balanced antipodal flares can compensate for this shortcoming. If three flares – on 

alternating sides of the antenna horizontal symmetry axis - are used, remarkable cross-

polarization levels as low as -30 dB can be achieved [8], [27].  

2.4 Summary 

The relevant theory behind feedhorn design for optimal reflector illumination as typically 

required in radio astronomy is presented. The process of synchronous imaging is 

summarized, and the requirements for antennas used in such systems, particularly the 

element separation, are discussed. 
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The history and existing empirical models for TSAs are covered. The different taper 

types, including linear, constant width, and Vivaldi tapers and some of their performance 

advantages and disadvantages are discussed. Common feed types for TSAs are presented 

as well as antipodal designs.  

Substrate integrated waveguide is used in the feed for the prototype array. Its design 

formulas and reported performance are summarized. 
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3.0 Simulation and Design 

3.1 LTSA Simulation 

As mentioned in Section 2.3.2, the existing performance model for TSAs is empirical 

rather than quantitative. Additionally, several components of the antenna element and 

feed required optimization. It was therefore necessary to simulate the structure as part of 

the design process.  

Several initial LTSA structures were modeled in CST Microwave Studio and simulated 

using the time domain solver, which is well suited to electrically large structures, like an 

LTSA element [28]. The simulation geometry is pictured in Figure 3-1. Free space 

boundary conditions were utilized on all boundaries other than y-min where an electric 

boundary was used. Because the SIW feed has relatively high electrical geometric 

density, yet the LTSA aperture and length are quite electrically large, a high number of 

mesh elements is required by the CST expert system (depending on the desired accuracy, 

anything from approximately 7 to 12 million meshcells). This unfortunately means that 

the simulation is very computationally expensive, and takes up to 18 hours for a single 

antenna element on a dual Opteron CPU system with 3 gigabytes of RAM. Obviously, 

this expense limits the number of elements that is feasible to simulate as well as limits the 

scope of optimization and prevents proper parametric tolerance analysis. 
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Figure 3-1: CST Simulation Model of a Single LTSA Element 

 

Figure 3-2: CST Farfield Monitor 

 

Simulated radiation performance is conveniently observed using CST Microwave 

Studio’s farfield monitor [28] pictured in Figure 3-2. 
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The design parameters, of both the LTSA element as well as the feeding system, which 

will be discussed in the subsequent sections, are illustrated in Figure 3-3. They include 

the substrate integrated waveguide width, W; the separation between via holes, p; the 

length and width of the square via holes, dVIA; the microstrip to SIW transition width, 

dMS; the microstrip to SIW transition length, lMS; the microstrip width, wMS; the length 

of the LTSA antenna, Lant; the width of the LTSA aperture, ApW; the backwards 

extension width, Bext; the substrate thickness, b. 

 

Figure 3-3: Design Parameters 

3.2 Substrate Type and Thickness 

Initial design revisions used a high permittivity alumina substrate (єr=9.8) since several 

SIW designs with promising Q factors were already implemented using that substrate 

[29]. This substrate poses problems for the laser drill used to cut the SIW via holes [30], 
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however, so the initial design was ported to a more forgiving (and less costly) Duroid 

RT6010 substrate (see Appendix A for the data sheet) with similar relative permittivity 

(єr=10.2).  

A generous standard thickness, b, of 0.635 mm was selected for the substrate thickness. 

This relatively large thickness helps support the very long antenna structure as well as 

provides a large aperture in the H-plane to maximize directivity.  A 35 μm thick rolled 

copper metallization option was selected. 

In order to provide additional mechanical support along the length of the antennas, and 

ensure uniform spacing over this length, a low dielectric foam (Rohacell 31AIG foam 

єr=1.05 – manufacturer specified), is used in between linear array substrates. Because the 

permittivity of this foam is very close to free space, the simulated effects from these foam 

spacers on the radiation pattern and impedance matches are negligible. 

3.3 Effective Thickness  

As previously discussed, the normalized effective thickness of the LTSA must fall 

between 0.005 and 0.03. The Duroid and alumina substrates examined have a fairly high 

relative permittivity of 10.2 and 9.8, respectively. For a 0.381 mm thick alumina design, 

the effective thickness is 0.271, which is significantly larger than the upper limit. To 

compensate, [10] suggests removing the substrate from the tapered region between the 

metal fins. This effectively makes the transition from the high permittivity substrate to 

free space more gradual, largely removing the split. This phenomenon has been verified 

in CST simulations. 

Figure 3-4 shows two E-plane radiation patterns for an 18-24 GHz alumina LTSA design. 

The left plot is obtained with the substrate present in the tapered region and shows high 
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grating lobes as predicted in [10]. The right plot shows the pattern when the substrate is 

removed; the grating lobes have been significantly reduced. 

 

 
Figure 3-4: Simulated Effects of Removing Substrate from Tapered Region 

 

3.4 Aperture Width 

As mentioned in Equation (2.8), the aperture width of a TSA must be greater than half the 

maximum operating wavelength. Obviously, a larger aperture and thus a wider charge 

distribution will generally result in a more directive radiation pattern. 

Since the aperture size in TSAs does not have as dramatic an effect on the element’s 

beamwidth as the length of the unit, the aperture dimensions are kept as close to the 

original values reported in [6] as possible to minimize subsequent impedance match 

optimization requirements. Thus the aperture width, ApW, remained unchanged from the 

design in [6], at a value of 17.8452 mm. 
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3.5 Backwards Extension  

As mentioned in Section 2.3.7, the significant impedance mismatch between the 

antipodal antenna tapers (~160 Ω) and the SIW feed (<30 Ω) can be compensated for by 

backwards extending the tapers [6].  

Initial values were scaled with the increase in the center operating frequency and the 

increase in the permittivity of the Duroid dielectric used in the technology demonstrator 

and the design presented in [6]. This initial value was then optimized within the CST 

Microwave Studio model using a Classic-Powell optimization algorithm [28]. The 

optimized parameter, Bext/2, is half the extension width (the model was constructed 

symmetrically on the aperture center) and is labeled in Figure 3-5. 

 

 

Figure 3-5: Optimization Parameter 

 

The optimization goal is to keep S11 below -10 dB throughout the 18-24 GHz operating 

bandwidth. Because simulation times for each parameter trial value are quite lengthy, 

only 10 optimization iteration values were run. Luckily, even with this modest number of 
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iterations, the optimizer was able to satisfy the optimization goal. The simulated S11 

parameter of the final design is shown in Figure 3-6.  

The final, optimized value of Bext/2 was 2.189 mm, or equivalently the overall extension 

width is twice that value, 4.378 mm. 

 

Figure 3-6: Simulated S11 [dB] Parameter of the Final Optimized Design 

3.6 Simulated Radiation Pattern 

Simulated electric field radiation patterns for the final Duroid LTSA design are shown in 

Figure 3-7. Symmetrical 3 dB beam widths of 27° in both the E and H planes were 

achieved. 10 dB beamwidths were slightly better in the H-plane, at 32°, than in the E 

plane, 43°, although this was clearly at the expense of the sidelobe level. 

The simulated radiation pattern also exhibits a high degree of symmetry in the E and H 

planes. Figure 3-8 shows a 2D image of the co-polarized radiation pattern. From the well 

pronounced, circular central beam in the image, it is clear that the beam symmetry 

observed in the E and H planes at power levels greater than 10 dB below the beam peak 

is preserved throughout the aperture. 
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Figure 3-7: Simulated E (left) and H (right) Plane Radiation Patterns of Duroid LTSA 

Design 

 

Figure 3-8: 2D Image of Co-Polarized LTSA Radiation Pattern 
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3.7 Surface Currents 

It is often insightful to examine current plots along the surface of an antenna element, 

particularly when describing the resultant radiation patterns. Figure 3-9 shows the 

simulated surface currents along the top and bottom metallization layers of the ALTSA. 

 

Figure 3-9: Surface Current along the Bottom (Above) and Top (Below) Metallization 

Layers 
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The current flow along the tapers appears to be approximately sinusoidal, as one would 

expect. The tapered edge has higher current levels than the straight edge on both 

substrates. This corresponds to the stronger of the two radiated cross-polarization 

diagonals that are shown subsequently in Section 3.12. Current along the end substrate 

edge is minimal; current distance from the taper edges gradually linearly increases along 

the antenna length. This is fortunate since current flowing along the substrate end would 

likely result in adverse radiation performance. 

3.8 SIW Transmission Lines 

In order to verify that CST Microwave Studio [28] can accurately simulate an SIW feed 

for the LTSA design (the design in [6] was simulated in Ansoft HFSS, through finite 

element techniques) a section of SIW transmission line was modeled. CST utilizes a 

finite integration technique (FIT), which has not been tested for accuracy in SIW 

structures. An existing SIW design over the same 18-24 GHz operating bandwidth [29] 

was remodeled in CST and compared to the equivalent dielectric loaded waveguide 

according to Equation (2.10). A square via hole design was used as this takes better 

advantage of the fabrication tolerances. The parameters of the design (as defined in 

Figure 3-3) are shown below in Table 3-1. 

Parameter Value (mm) 
p 0.836 

dvia 0.510 
W 4.184 

Weff 3.595 
 

Table 3-1: SIW Design Parameters  
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The substrate used has a relative permittivity of 2.4 and a loss tangent of 0.01 both in the 

SIW design and the dielectric load for the equivalent waveguide. 

The final CST models of the SIW transmission line section and the equivalent dielectric 

loaded waveguide section are shown in Figure 3-10. 

 

Figure 3-10: SIW (left) and Equivalent Wave Guide (right) Geometries 

 

Figure 3-11: Excitation Port Modes for SIW (top) and Equivalent Waveguide (bottom)  
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The excitation waveguide ports have width Weff and height b and are spaced p/2 from the 

last via hole. CST is able to accurately predict the expected identical TE10 mode for each 

structure as shown in Figure 3-11. 

The S parameters of the equivalent structures are also acceptably similar within the 

solver’s accuracy. The S11 parameter for both structures is shown in Figure 3-12. 

 

Figure 3-12: Simulated S11 [dB] for SIW (Red) and the Equivalent Waveguide (Green) 

 

The required energy level which the simulator accounts for is only -30 dB for these 

simulations, which is higher than the S11 parameter throughout the design’s operating 

bandwidth, and was limited by the practical energy limits for the more intensive LTSA 

simulations.  

As a result of this, the S21 transmission parameter is significantly closer for the two 

simulations, since it is obviously well above the -30 dB energy limit of the solver 

throughout the operating band. The two equivalent structures’ S21 parameters are shown 

in Figure 3-13. 



 38

  

Figure 3-13: Simulated S21 [dB] for SIW (Red) and the Equivalent Waveguide (Green) 

3.9 SIW to Microstrip Transitions 

In order to measure the fabricated array, it was necessary to design a transition from the 

SIW feed to the SMA connectors of the Vector Network Analyzer (VNA) used in the 

antenna range for measurement. A standard Southwest Microwave microstrip to SMA 

connector was used, the data sheet for which is available in Appendix B. Microstrip (MS) 

to SIW transition designs are demonstrated and verified in [6], [21]. The design 

parameters of these transitions are shown in Figure 3-14.  

The microstrip width, W_ms, was initially defined to give a 50 Ω impedance, Zo, 

according to the following standard formulas [18]: 
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where t is the microstrip track metallization thickness and A and B are defined as [18]: 
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This initial width was than adjusted slightly within CST to give an impedance closer to 

50 Ω, with a final value of 0.366 mm. 

 

Figure 3-13: Transition Design Parameters 
 

Initial values for the transition length, l_ms, and width, d_ms, were taken from [6] and 

scaled with the increase in permittivity and frequency for the new design. The parameters 

were then optimized in parallel in CST and Ansoft HFSS. The final values are given in 

Table 3-2. 

Parameter Value (mm) 
W_ms 0.366
l_ms 1.797
d_ms 1.185

 

Table 3-2: Final Transition Parameters 
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The final CST model geometry of a back to back transition is shown below in Figure 3-

15. Back to back transition pairs are often designed and fabricated for the sake of 

measurement. Modeling the transition this way makes comparison to the results in [21] 

more convenient, despite never directly fabricating and measuring our transition design. 

 
Figure 3-15: Back to Back Microstrip to SIW Transition 

 
 

The simulated transmission parameters are shown in Figures 3-16 and 3-17. The S11 

parameter is comparable to that achieved in [21], and is far below that of the final LTSA 

to SIW impedance match, even when two transitions are simulated back to back (unlike 

in the final design which only uses one transition). 

The S21 transmission parameter is not quite as high as reported in [21], however is still 

acceptable.  

 

Figure 3-16: S11 of Back to Back MS to SIW Transition 
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Figure 3-17: S21 of Back to Back MS to SIW Transition 

3.10 Simulated Effects of LTSA Length 

As mentioned in Section 2.3.2, the directivity of LTSA elements generally increases as 

the length of the antenna is increased. This relationship is verified in the simulator. 

Several lengths are simulated to determine the optimal tradeoff between the antenna 

length and the resulting antenna beamwidth or directivity. Obviously, it is desirable to 

showcase the available narrow beamwidths of the technology. However, increased 

antenna lengths also dramatically increases the overall antenna geometry simulated and 

as a result significantly increases simulation times.  

Figure 3-18 shows several 3 dB beam widths for different lengths that were simulated. 

Both E and H plane results are shown. Recall that Figure 2-5 shows the results of 

measurements conducted in [10] to explore the relationship between TSA length and 

directivity. The simulated results from CST have similarly reduced beamwidths for 

longer LTSAs, and likewise the rate of decrease lowers as the length increases. 

The approximate directivity, Do, of the simulated radiation patterns can be obtained using 

the Tai and Pereira approximation given in Equation (3.4) [9]. 
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Figure 3-18: 3dB Beamwidths for Varied LTSA Length 
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In Equation 3.4, Θ1 and Θ2 are the E and H plane 3 dB beamwidths in degrees. Using this 

approximation, Do is calculated for the simulated results and is shown in Figure 3-19. As 

expected, the resultant directivity is similar in shape to the measured results from [10] 

shown in Figure 2-5.  

Recall from Section 2.3.2, Equation (2.6) that the TSA directivity increases linearly for 

lengths between 3 and 8 wavelengths. For longer elements, the rate of increase begins to 

reduce. As such, several lengths surrounding the 8 wavelength boundary are examined to 

ensure maximum directivity for the selected length.   
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Increasing the length of the simulated element from 118 mm (8.3 wavelengths) to 120 

mm (8.4 wavelengths) results in over 0.2 dB increased directivity. This increase is in fact 

higher than the slope of the linear portion of the simulated curve between 5.5 and 8 

wavelengths predicts. This is likely because the slope over this portion is somewhat 

inaccurate due to the small sample set used for interpolation.  

Directivity vs. Normalized Length

14

15

16

17

18

19

20

5 6 7 8 9 10 11 12 13 14 15

Normalized Length (L/lamda)

Di
re

ct
iv

ity
 (d

B
)

 

Figure 3-19: Approximate Directivity for Varied Normalized Length 

 

Increasing the length further, however, does not yield proportional improvements in 

directivity or beamwidth. Indeed, for the same 0.2 dB increase in directivity and 

beamwidth it takes a much larger increment, up to 9 wavelengths.  The presumably now 

non-linear curve to the maximum 200 mm (14 wavelengths) length also shows a highly 

dwindled return. 
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As such, 120 mm (Do = 16.82 dB) was selected as the final design length as it is 

obviously close to the maximum length for which the directivity increases rapidly at a 

linear rate. It is also the closest the design gets to having symmetric beamwidths in the E 

and H planes.  

3.11 Frequency Effects on Beamwidth 

The wide operating bandwidth of the LTSA demonstrator is certainly advantageous; this 

feature, however, usually poses a significant challenge to the antenna design. Ideally, the 

radiation pattern, or more specifically the directivity or beamwidth, should remain as 

constant as possible throughout the operating band to ensure optimum aperture 

illumination at all frequencies as discussed in Section 2.1. Fortunately, TSA designs with 

constant beamwidths have been reported [10], [14]. 
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Figure 3-20: Beamwidth Over the LTSA Operating Bandwidth 
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Farfield monitors are setup at frequency intervals separated by 1 GHz throughout the 18-

24 GHz bandwidth, and the simulated far field patterns were examined. The 3 dB beam 

widths within both the E and H planes are shown in Figure 3-20. 

Generally, the 3 dB beamwidth remains nearly constant over the 18-24 GHz bandwidth, 

with the E plane results being slightly more leveled than those from the H plane. At the 

lower and upper frequency limits, the beamwidth does begin to vary significantly. At the 

lower frequency boundary, the beamwidth is significantly wider, as one would expect, 

since the electrical aperture size is reduced with the increased wavelength. Similarly, a 

noticeable decrease in beamwidth occurs at the upper frequency boundary.  

Figure 3-21 shows the radiation patterns in the E and H planes at the center frequency as 

well as at the two frequency boundaries. Particularly in the H plane, the beam pattern at 

the frequency boundaries begins to deform. The well defined single lobe at the center 

frequency disappears at the lower and upper frequency extremes to form what appear to 

be nascent grating lobes.  

 

 

Figure 3-21: E and H Plane Radiation Patterns for Varied Frequency 
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Fortunately, this change in beamwidth only manifests at the limits of the operating 

bandwidth and even then is less than a 10 degree shift from the center frequency 

beamwidth. 

3.12 Cross-Polarization Performance 

As mentioned in Section 2.1, some astrophysical observations rely on the polarization of 

the received signal. Additionally, for un-polarized sources, separating the signal into its 

two constituent linear polarizations, can be used to reduce observation times. The 

distribution of these polarization components are Gaussian, so simultaneously observing 

both independent, linear polarizations can effectively halve the required times. It is thus 

desirable for an antenna design for radio astronomy to be able to discriminate between 

polarizations and isolate them via an orthomode transducer or separate receiver chain.  

Unfortunately, as mentioned in Section 2.3.7, antipodal TSA designs, like the one used in 

the LTSA technology demonstrator, suffer from high cross polarization levels (up to -8 

dB). Simulated results for the LTSA design indicate that this is a significant shortcoming. 

Figure 3-22 shows the co-polarized E plane radiation pattern compared with the cross-

polarized radiation field in the H plane. The cross-polarized peak is only 3.1 dB down 

from the co-polarized peak.  

The performance is even worse when one considers the entire plane of the radiation 

pattern. Figure 3-23 shows 2D plots of the complete co-polarized and cross-polarized 

radiation patterns. The peak cross-polarized radiation is only 0.4 dB down from the peak 

co-polarized radiation. As mentioned in Section 3.7, the more pronounced cross 
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polarization diagonal (running from theta = 0, phi = 180 to theta = 180, phi =0 degrees) is 

co-aligned with the antipodal tapers.  

Cross Polarization Descrimination (no Aperture Plate)
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Figure 3-22: Simulated Cross-Polarization Performance 

 

The likely cause of this reduction in performance even beyond what is typical for 

antipodal TSA designs is probably caused by the SIW feed. As previously mentioned, the 

antipodal flares are present to rotate the feed’s electric field from being cross-polarized 

within the SIW. It is reasonable to speculate that a portion of the cross-polarized radiation 

bypasses the antenna tapers entirely and couples directly to the open ended SIW.  

Removing the tapered region substrate as discussed in Section 3.3 would magnify this 

issue. 

Several attempts were made to improve this performance by use of a conducting plate or 

divider bisecting the LTSA aperture. Although this approach yielded significant 
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improvement (up to – 8 dB) within the principle planes, the peak cross-polarized levels 

drawn from the entire radiation pattern remain unacceptably high. 

While this shortcoming does not completely negate the LTSA design’s utility for radio 

astronomy, it is a significant disappointment and appears to be fundamental to the feed 

technology used. 

 

Figure 3-23: 2D Images of Co (left) and Cross (right) Polarized Radiation Patterns 

 

3.13 Multiple Element Array Simulation 

While the discussion thus far has focused on the simulation and design of a single LTSA 

element, the technology demonstrator is a 16 element planar imaging array. Because of 

the computation times required for just a single element, simulating the entire 16 element 

array or even just a 4 element linear section of it is entirely impractical. As a 

compromise, only two elements are simulated and individually excited (recall from 

Section 2.2 that each element in an imaging array operates with an independent receiver 

chain) to gain as much insight into the mutual coupling effects as feasibly possible. The 

modeled geometry is shown in Figure 3-24. 
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Of principle interest are the coupling effects on the radiation pattern and the feed ports 

for varied element spacing.  

It is known that antenna arrays perform best when the elements are separated by an odd 

multiple of λo/4 (where λo is the wavelength at the center frequency in the antenna’s 

operating bandwidth) since this will result in constructive interference between adjacent 

beams [9]. Since the aperture width is already greater than one wavelength, initially a 

separation of 1.25 λo was examined. 

 

 

Figure 3-24: Two Element Simulation Geometry 

 

Figure 3-25 shows the E and H plane radiation patterns for each of the two simulated 

elements compared with the radiation pattern of just the single element simulation. 
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Figure 3-25: E (Left) and H (Right) Plane Radiation Patterns for a 2 Element, 1.25 λo 

Imaging Array 

 

Clearly a large amount of beam deformation is occurring in the H plane. In the E plane, 

the adjacent element’s beam is also obviously leaking into the other element’s radiation 

pattern. A secondary beam is present in the direction of the adjacent beam at a level less 

than 2 dB down from the principle beam for both elements. This would result in 

significant pixel bleeding between adjacent elements in a resultant image. 

The port coupling is similarly disappointing for the 1.25 λo tests. A technique to measure 

the mutual coupling of LTSAs as the S21 transmission parameters between adjacent feed 

ports is presented in [31]. Using this approach, the simulated S21 parameter is observed 

and is shown below in Figure 3-26. 

Since the 1.25 λo results were unacceptable, the separation was increased to the next 

viable multiple, 1.75 λo. The resulting radiation patterns in both the E and H planes for 

each of the two simulated elements again compared with the radiation pattern of just the 

single element simulation are shown below in Figure 3-27. 
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Figure 3-26: S21 Transmission Parameter between Adjacent Antenna Feed Ports 

 

 

Figure 3-27: E (Left) and H (Right) Plane Radiation Patterns for a 2 Element, 1.75 λo 

Imaging Array 

 

The radiation patterns for the increased separation are significantly improved. H plane 

radiation patterns are unaffected, as one would ideally expect since the neighboring 

element is present in the E plane. The E plane radiation patterns are also significantly 

improved. Although the neighboring beam is still present, it is significantly less 

pronounced and is at a much lower power level, approximately 12 dB down from the 
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principle beam level where beam symmetry is lost even for single element simulations 

(recall Section 3.6). 

The mutual coupling at the ports is also improved. The S21 parameter is below the -30 dB 

energy accuracy floor of the simulation, and as such is omitted. Higher accuracy 

simulation would require dramatically longer simulation times which are already 

unacceptably long for the two element simulations.  

3.14 Summary 

In this chapter, the design and simulation process for the LTSA technology demonstrator 

array is discussed. Final design parameters, as defined in Figure 3-3, are summarized 

below in Table 3-3. 

Parameter Value Description 

b 
0.635 
mm 

Substrate 
Thickness 

Lant 120 mm Antenna Length 

Bext 
4.378 
mm 

Backwards 
Extension 

ApW 
17.845 

mm Aperture Width 
      

dVIA 
0.510 
mm Square VIA Side 

W 
4.184 
mm SIW Width 

p 
0.836 
mm VIA seperation 

dMS 
1.185 
mm MS Transition Width

lMS 
1.797 
mm 

MS Transition 
Length 

wMS 
0.366 
mm MS Width 

Table 3-3 Design Parameters 

 

Reported behavior of the TSA type and SIW are reproduced in CST simulations. The 

LTSA design shows promising beam symmetry in the co-polarized radiation pattern. 
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However, cross-polarization discrimination is a serious shortcoming to the design that 

may be fundamental to the feed system used. Array simulations are limited given the high 

computational requirements for the electrically large antenna.  
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Chapter 4 Measurements 

4.1 Array Construction 

The final LTSA design presented in Chapter 3 was generously fabricated at the Poly-

Grames Center at Ecole Polytechnique de Montreal. Five, 1x4 linear array substrates 

were produced. A plexi-glass array frame, recessed to avoid blocking any of the taper 

profiles of each element, was constructed at HIA. Grooved tracks were cut into the plexi-

glass frame to provide slots for each of the four, 1x4 linear LTSA array substrates that 

made the final 4x4 array. Substrates were spaced the same 1.75 λ distance apart that 

adjacent substrate elements were. As mentioned in Section 3.2, low dielectric Rohacell 

foam was used to provide additional mechanical support over the length of each element. 

This supplemented the frame grooves to ensure uniform spacing between the separate 

array substrates.  

 

Figure 4-1: Single Fabricated Linear Array Substrate 
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Figure 4-2: Fabricated 4x4 Element LTSA Array in Frame 

 

Figure 4-2, above, shows the final constructed array in its frame. Much of the antenna 

geometry is obscured by the foam spacers, which are visible. However the taper tips can 

be seen protruding from the foam. This makes the 16 apertures visible. An uncovered, 

single linear array substrate is shown on the previous page in Figure 4-1. 

Figure 4-3 shows the array labeling scheme used for the subsequent measurements. Each 

1x4 substrate is labeled alphabetically. The fifth, unused fabricated array substrate is 

designated X. It was the first substrate produced and was used extensively for S-

parameter measurements but was not used in the final array. Adjacent array elements on 

the same substrate are labeled numerically from left to right. Since these labels are for the 

sake of organizing measurement results, they are referenced to the back of the substrate 

where the SMA connectors are. The aperture tips visible in Figure 4-2 would be aimed 
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into the page in Figure 4-3 below, and the circles in the figure represent the SMA 

connectors on the substrate. The E and H planes of the LTSA elements are also labeled as 

discussed in Section 2.3.1. 

 

Figure 4-3: Array Labeling and Reference Planes 

 

An alternative array configuration was also examined. Substrate arrays are interleaved 

orthogonally as shown in Figure 4-4. Slots in the vertical element substrates were cut in 

between LTSA apertures while the horizontal elements were cut from the other end of the 

substrate in between adjacent antenna feeds. Array labels are kept the same where 

possible in the vertical substrates. The horizontal substrates’ labels were removed during 

cutting, so they were renamed A’, D’, and X’.  
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Figure 4-4: Alternative LTSA Array Structure 

4.2 S11 Measurement 

4.2.1 Original Array Configuration 

The S11 parameter of the fabricated LTSA array needed to be measured to verify that the 

simulated results are accurate and that the backwards extension technique described in 

Section 3.5 yields an acceptable impedance match as predicted in simulation. 

The measurement setup is shown in Figure 4-5. An Agilent N5230 PNA-L Vector 

Network Analyzer (VNA) with option 220 [32] is used to measure the S11 parameter of 

each port of a single LTSA 1x4 linear array (a single substrate). Separate measurements 

are conducted on each of the five fabricated array substrates to ensure that results are 
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consistent and independent of any deformities on a particular substrate. In order to 

minimize reflections back into the antenna aperture from the measurement environment, 

the linear array being tested is surrounded by 20 dB (manufacturer specified) absorber. 

The substrate was supported along the antenna structure by two slabs of the same low 

permittivity foam used as array spacers.  

Unfortunately, the frequency range of the antenna range’s VNA (10 MHz - 20 GHz) did 

not cover the entire operating bandwidth of the LTSA design, so the measured results 

were limited in scope.   

 
Figure 4-5: S11 Measurement Setup 

 
 

The measured S11 parameter of each of the element ports (refer to Figure 4-3 for labeling) 

of an indicative linear array are shown in Figure 4-6, contrasted with the simulated results 

predicted by the CST model.  
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Figure 4-6: Measured S11 of Several Array Elements and Simulated Results 

 

Figure 4-7: Measured and Simulated Voltage Standing Wave Ratios  
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Figure 4-7 shows the resultant calculated voltage standing wave ratio (VSWR), another 

popular presentation of reflection at a port, calculated according to the common formula 

11

11

1
1

S
SVSWR

−
+

=                                                                                                             (4.1) 

where S11 is of course in linear rather than decibel form as plotted above. 

Clearly a rather large discrepancy exists in the topology of the simulated S11 curves and 

the measured results - even if the average level is generally comparable. It is tempting to 

blame this discrepancy in part on the SMA connectors used to interface with the 

microstrip portion of the feed, which are not included in the simulation. The data sheet 

for the connectors (provided in Appendix B), however, indicates that the S11 parameter of 

a back to back transition using the connector are significantly below the S11 measured and 

predicted by the simulator for the LTSA and feed; so it is unlikely that the connectors 

would cause the magnitude of discrepancy being observed.  

The more likely culprit, unfortunately, is mutual coupling between the antenna elements.  

Ports 1 and 4 of the measured array would of course be subject to different mutual 

coupling effects than the internal ports, since they only have a neighboring antenna 

element on one side of them on the substrate. Indeed the curves of these two ports do 

differ appreciably compared to the internal ports. While ports 2 and 3’s curves even push 

slightly above the -10 dB spec in the lower frequency portion of the curve, the boundary 

ports are comfortably below the -10 dB spec throughout the measured band.  

4.2.2 Alternative Array Configuration 

As mentioned in Section 4.1, in an effort to improve beam symmetry, an alternative array 

configuration utilizing orthogonal array substrates is examined.  This array configuration 
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also introduced electrical boundaries between adjacent linear elements in the form of the 

orthogonal substrate (recall Figure 4-4 from Section 4.1). It is of interest to note, then, the 

effects that this increased isolation has on the reflection parameters since, as mentioned in 

the previous section, mutual coupling appears to dramatically affect the expected, 

simulated value. 

 
Figure 4-8: Measured S11 of LTSA Elements in Alternative Array Configuration 

  
 

Figure 4-8 above shows the measured S11 parameter for both the horizontal and vertical 

array elements measured in the new array configuration. There is a dramatic shift not 

only in the average S11 magnitude level, but also in the features of the S11 curve. 

Improvements from electrically isolating adjacent array elements in a VTSA array are 

reported for an alternative feed technique in [33]; it is interesting to note that similar 

improvements appear to result for this SIW fed LTSA array. 
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Clearly mutual coupling effects have a dramatic effect on the input impedance of the 

array elements, and as a result the S11 parameter. It is thus unfortunate that the complete 

array geometry is unfeasible to simulate in CST on current hardware.  

4.3 Port Mutual Coupling Measurement 

As mentioned in Section 3.12, a convenient indicator of mutual coupling between 

antenna elements is presented in [31]. The S21 transmission parameter is measured 

between adjacent LTSA feed ports as shown below in Figure 4-9. 

 

Figure 4-9: Port Mutual Coupling Measurement Setup 

 

The measured transmission between each pair of points of one of the linear substrate 

arrays is shown in Figure 4-10. 
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Figure 4-10: Mutual Coupling Between LTSA Array Ports  

 

The measured results correlate with the predicted simulated results in that they are well 

below -30 dB throughout the observed portion of the operating bandwidth. However, as 

mentioned previously, because the energy accuracy limit of the simulator was set to -30 

dB (to limit simulation times) the simulated curve features are arbitrary and are hence 

omitted as they are not suitable for comparison with measured results where the noise 

floor is significantly lower. 

While these results show promise for a low level of mutual coupling between array 

elements, subsequent sections will show that this is not the case in the antenna aperture 

itself. It is possible that the several transitions in the feed system used for the LTSA array 

provide a higher degree of isolation between measurement ports than in [31] where the 

technique was presented.  
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4.4 Radiation Pattern Measurement 

4.4.1 Planar Near Field Range Discussion 

Planar near field ranges are compact, low cost, indoor antenna ranges that can be used to 

measure accurate radiation patterns for high gain antennas. The planar scan area is well 

suited to high gain antennas, since the scan surface area must collect all significant 

energy radiated from the antenna under test (AUT).  Near field antenna ranges use 

equivalent Fourier optical, Doppler shifting and aperture synthesis concepts to reliably 

measure an AUT’s radiation characteristics.  

During a planar scan, the probe is usually in motion during measurements, and this 

velocity, v, relative to the AUT causes a shift in frequency due to the Doppler effect. This 

is described by the well known Doppler shift formula: 

θsin
c
fvf =Δ              (4.2) 

A bandpass filter can then be applied to the measured signal to ensure that, at a given 

probe location and velocity, the received energy is solely from the probe. This technique 

is the reciprocal of common Doppler beam forming enhancement techniques employed in 

radar systems, where the Doppler shift of received signals is used to compute the velocity 

of a reflecting target. The bandpass filter in near field measurements reduces the effects 

of multipath signals and ambient noise in the measurement environment [34].  

The resultant spectra of shifted signals from all the probe angles over the scan area are 

equivalent to the angular far field pattern [34]. As such it is critical to select an 

appropriate IF bandwidth for the bandpass filter, in order to avoid distortion in the 
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measured radiation pattern. For planar scanners, it is recommended at a scan velocity, vs 

and an RF wavelength, λRF, to select an IF frequency, IF, according to [34] 

RF

sv
IF

λ
=                                                                                                                       (4.3) 

As mentioned in Chapter 2, in order to retain all information and accurately measure a 

phase front, it must be sampled at intervals less than a half the minimum wavelength or 

180 degrees of phase. A planar near field scan forms a synthetic aperture array along the 

scan surface that is equivalent in its sampling requirements to the imaging arrays 

discussed earlier. As the scanner probe moves from one measurement position to another, 

each reading is treated as an element in a hypothetical array covering the complete scan 

region [34]. As in the case for physical arrays, spacing elements apart at intervals larger 

than the Nyquist sampling requirement will introduce undesired grating lobes.  

In the near field, a radiated equiphase surface will not conform to the planar scan shape, 

so it is necessary to collimate the radiation. This is accomplished by a reflector or lens in 

larger compact ranges. For smaller, near field ranges the phase front can be collimated by 

making the synthetic array behave as a phased array – adjusting the phase lengths of each 

probe position to produce a planar phase front as is present in the true far field [34]. 

The probe used in a near field range, of course, has a distinctive radiation pattern that is 

convolved into the resultant measured pattern. This effect must be de-embedded from the 

measurements to produce accurate results specific to the AUT. Open ended waveguide 

(OEWG) probes are versatile elements that have well understood, almost omnidirectional 

radiation patterns. For a planar scanner working in a raster pattern, this de-embedding 

process is a simple division [34]. 
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A Near Field Systems Incorporated (NSI) 200V 3’x3’ near field planar scanner was 

purchased by HIA to verify the sidelobe level, beam width and cross-polarization 

performance of the Atacama Large Millimeter Array (ALMA) Band 3 (84-116 GHz) feed 

horn. HIA is currently in the production phase of the Band 3 horn, so each Band 3 

cartridge’s radiation pattern must be measured to ensure that it meets specification. The 

performance specification of the NSI 200V-3x3 is given below in Table 4-1.  

 

Table 4-1: NSI 3’x3’ Planar Scanner Specifications [35] 

4.4.2 Radiation Pattern Measurement Setup 

Since each LTSA element has high directivity, the Band 3 NSI near field range is suitable 

to conduct radiation pattern measurements for the prototype array. However, as 

previously mentioned, the Agilent PNA that the antenna measurement software 

(NSI2000) utilizes, has a maximum frequency bound of 20 GHz [32], which limits the 

RF frequencies that can be verified by measurement. Test frequencies of 18, 19 and 20 

GHz were chosen to verify the antenna element’s performance throughout as much of the 

design band as possible. 
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Ideally, the planar scan surface area should be well in the antenna under test’s (AUT’s) 

radiating near field (or Fresnel) region or even the start of its far field region.  

The different field regions and their common definitions are shown below in Figure 4-11 

[9] 

 

Figure 4-11: The Different Field Regions of an Antenna [9] 

 

If the AUT is at a radial distance R within the reactive near field (R<R1), evanescent 

modes, which do not propagate into the far field, will still be present and will couple to 

the test probe. This introduces additional energy into the measured pattern that would not 

be present in the true far field and as a result will adversely affect the accuracy of the 

measurement. The radiating regions of an antenna are determined by its maximum 

aperture dimension, D. In the case of the LTSA elements, this is the diagonal, D, of the 

rectangular aperture formed by the aperture width and substrate thickness:   
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The optimum measurement distance along the Z-axis of the range scanner is then 

between approximately 1.2 to 3.8 cm. A distance of 3 cm was chosen. The final radiation 

pattern measurement block diagram is shown below in Figure 4-12.  

 

Figure 4-12: Antenna Radiation Pattern Measurement Block Diagram 
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4.4.3 Original Array Configuration Results 

4.4.3.1 Single Element Results 

With the prototype array fabricated and the near field antenna range discussed previously 

available, measurements are conducted on each of the array elements. Measurements are 

conducted at a distance of 3 cm from the substrate end, centered to the array center – the 

offsets of each element from this central measurement axis is only visible in near field 

results, since the far field transformation done in the measurement software is spatially 

invariant [34]. 

Figure 4-13 below shows a 2D image of the complete co-polarized, 20 GHz far-field 

amplitude of element A2 (recall the labeling system specified in Section 4-1).  

 

Figure 4-13: 2D Image of LTSA A2’s Measured Far Field Radiation Pattern at 20 GHz 
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This particular element (indeed, all of the array edge elements) shows promising beam 

symmetry as predicted in the simulator with some deviation occurring in the H plane in 

the azimuth direction towards the neighboring substrate. Additionally, negative elevation 

measurements are consistently higher throughout the array. Both these deviations from 

the expected simulated performance are better observed in the cross cuts shown below in 

Figure 4-14. 

 
Figure 4-14: E (Left) and H (Right) Plane cuts of A2’s Measured (Blue) and Simulated 

(Magenta) Radiation Pattern  

 

In the E plane, this measured difference is likely due to ground reflection in the 

admittedly un-ideal measurement environment. The H plane widening observed in 

directions of adjacent substrates is likely due to mutual coupling between the adjacent 

array substrates. Both discrepancies and the explanations for them will be discussed 

further in the subsequent sections. 

4.4.3.2 Ground Reflection Tests 

As mentioned in the previous section, the measured radiation pattern at negative 

elevation angles is consistently higher than predicted in the simulator – even for elements 
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along the bottom of the array (row 1 in Figure 4-3) where there is no neighboring element 

to mutually couple with at negative angles. A plausible explanation for this discrepancy is 

that a ground reflection is embedded in the measured radiation pattern. To test this 

explanation, the array was flipped 180 degrees vertically and the radiation patterns of 

several elements were again measured.  

 
Figure 4-15: Original and Vertically Flipped Radiation Patterns for Element B1 

 
 

Figure 4-15 shows representative measured results from element B1. At negative 

elevation angles the two patterns are very closely matched. The higher received 

amplitude is consistent between the two, despite the fact that the element and array 

geometry had been rotated. This indicates that it is being caused by environmental 

factors, likely a reflection from the unshielded, cement floor, rather than a consistent 

electrical performance feature of the fabricated antenna.  
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For positive elevation angles the two curves did differ. Since the array has been flipped, 

there is no longer a neighboring element above the tested antenna (row 1 is now on top of 

the array) and as one would expect, the side lobe attributed thus far to the adjacent 

element’s aperture is absent in the positive elevation, flipped results. Instead, traces of a 

similar leaked side lobe are visible at the expected -23 degree angle in the negative 

elevation results. 

4.4.3.3 Cross-Polarization Performance 

Measured cross-polarization levels are improved from the simulated values, although the 

features over the aperture change somewhat. Peak cross-polarization levels are slightly 

better than expected, at about -3 dB from the peak, in the beam center and along the 

diagonal. Figure 4-16 shows the 2D image of the complete cross-polarized radiation 

pattern. 

 
 

Figure 4-16: Cross-Polarized Image of A2 Radiation Pattern 
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This improvement is likely due to the additional array geometry that was not included in 

simulation. Within the main beam and in the principal E and H planes, the results are 

consistent with the simulated maximum levels. Further out on the diagonals, where 

mutual coupling is no doubt stronger, the measured performance shows notable 

improvement (2 dB additional discrimination) versus the simulated results. 

4.4.3.4 Mutual Coupling Effects 

The E plane, 2D radiation patterns of each element in the prototype array are shown 

below in Figure 4-17 (the patterns are arranged to correspond with the labeling in Figure 

4-3) 

 

Figure 4-17: 2D E Plane Radiation Cuts of Complete Array at 20 GHz 
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Some consistent mutual coupling effects are evident in the E plane results. As predicted 

in the limited scope array simulation, neighboring elements’ apertures are coupling. This 

coupling is visible as a sidelobe in the direction of the neighboring element. Indeed, at the 

vertical array boundaries (rows 1 and 4) these sidelobes are only present in the expected 

direction. Figure 4-18 below shows larger plots for elements B4 (at the top of the array) 

and A1 (along the bottom of the array). In the absence of an adjacent element (at positive 

elevations for row 4, and at negative elevations for row 1 as shown in Figure 4-19) 

clearly this sidelobe is absent. 

 

Figure 4-18: E Plane Radiation Cuts of Elements B4 (left) and A1 (right) 

 

Although this is predicted somewhat in the limited array simulations conducted, the 

measured effect is significantly more pronounced. Both simulated and measured 

sidelobes occur at approximately 20 degrees from the direction of radiation. However, the 

sidelobe is significantly wider than in the simulation, spanning over 5 degrees in 

measurements. Even more troubling is the fact that measured sidelobes are significantly 
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higher than predicted in the simulator. While CST predicted a relative power level close 

to -12 dB, the measured results are consistently higher than -10 dB.  

In order to improve the isolation between the element apertures - and in doing so reduce 

the resultant side lobe level – the alternative array configuration discussed in Section 4.1 

is tested. In this configuration (Recall Figure 4-4) the apertures in the substrates are 

electrically isolated by the insertion of the orthogonal substrate. 

 

Figure 4-19: Expected Mutual Coupling Paths for Top and Bottom Array Rows 

 

While limited E plane mutual coupling simulation was conducted, the effects of adjacent 

array substrates were not simulated. Figure 4-20 shows the complete array 2D, H plane 

radiation cuts at 20 GHz. Mid array elements show a symmetrically wider beam than 

predicted in single element simulation. As expected, this wider beamwidth is 

accompanied by a dramatic decrease in the side lobe levels.  
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This beam widening unfortunately destroys the desired beam symmetry in the simulated 

design. Figure 4-21 shows a 2D image of a particularly elliptically deformed element 

(B4).  

 

Figure 4-20: H Plane Radiation Cuts of the Complete Array  at 20 Ghz 

 

Figure 4-21: 2D Image of Element B4 at 20 GHz 
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This effect is attributable to the adjacent substrate for similar reasons to the E plane 

discussion previously presented. On the horizontal (corresponding to the LTSA H plane) 

array edges, we see that the beam is only wider in the direction of the adjacent substrate. 

Figure 4-22 below shows larger H plane radiation cuts for two elements on opposite 

horizontal ends of the array. 

 

Figure 4-22: E Plane Radiation Cuts of Elements A4 (left) and D4 (right) 

 

Recall that the array labeling was done facing the feed connectors (since this is a 

convenient reference point when conducting measurements) as shown in Figure 4-3 from 

Section 4.1. The measured radiation patterns are however drawn from the reference plane 

of the range scanner, facing the apertures of the array. As a result, the horizontal axis is 

flipped in the results.  

For the left array boundary elements (Substrate A), the beam widening occurs only in the 

negative azimuth direction, towards the center of the array and the only neighboring 

substrates. Similarly, right array boundary elements (Substrate D) have beam widening 

occurring only in the positive azimuth direction. In both cases, the side of the element 
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adjacent to free space also exhibits side lobe levels and directions closer to those 

predicted in single element simulation. 

It is hoped that the alternative, orthogonal array arrangement will improve the beam 

symmetry since it introduces separate substrates orthogonally into the E plane as well as 

the H plane (the original configuration only has substrates in the H plane). 

4.4.4 Alternative Array Configuration Results 

4.4.4.1 Vertical Substrates 

The vertically mounted substrates (B, C in Figure 4-4) have orthogonal substrates 

inserted between the antenna tapers and apertures of adjacent elements. It is hoped that 

this configuration will improve the isolation between the elements within the E-plane, 

and improve beam symmetry between the E and H planes by introducing analogous 

boundary conditions in both planes.  

 

Figure 4-23: E and H Plane Radiation Patterns for Element C3 in Alternative Array 

Configuration at 20 GHz 
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Figure 4-23 shows radiation pattern cuts in the E and H planes for vertical element C3. 

Clearly the hope for improved beam symmetry in the new configuration is unfounded. In 

negative azimuthal directions, the direction towards horizontally adjacent substrate B, 

there is still a significant beam widening in the H plane which is not matched by coupling 

from the newly introduced adjacent E plane substrates.  

Isolation between the apertures, however, does indeed appear to have improved. The side 

lobe attributed to the adjacent aperture has been significantly lowered to below -10 dB. 

The elevation angle at which the lobe manifests has increased from about 23 degrees to 

30 degrees in the new configuration. This is the same angular direction predicted by the 

simulator for sidelobes attributed to a single element, so it is possible that the sidelobes 

are no longer largely a result of mutual coupling.  

Indeed the previous correlation between sidelobe visibility and the presence or absence of 

a neighboring, E plane element is no longer present. Sidelobes are only visible for 

possitive elevations (regardless of which vertical element was examined). The lowered 

sidelobes at negative elevation could have been lost in the comparably strong ground 

reflection that has already been discussed and is of course still present in these results. 

4.4.4.2 Horizontal Substrates 

Several of the horizontal substrate (A’, D’, X’) elements are also measured. Of particular 

interest is element D2’, which is the only element to be completely and symmetrically 

enclosed in the new configuration.  

Figure 4-24 on the following page shows radiation pattern cuts in the E and H planes for 

this element. Note that because the horizontal substrates are physically orthogonal to the 
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previous measurement results, the E plane is now in the azimuth of the radiation pattern 

and the H plane is now in the elevation. Similarly to the vertical element results, the new 

configuration does not significantly improve beam symmetry. H plane results are still 

significantly wider than those from the E plane.  

Isolation between apertures appears to have been further improved. The sidelobe levels in 

the E plane are reduced to -15 dB, close to the approximately -17 dB sidelobe level 

predicted by the simulator for a single element. As in the vertical substrates, these 

sidelobes occur close  to 30 degrees from the direction of radiation, where the simulations 

for a single element predict them to be. 

 

Figure 4-24: E and H Plane Radiation Patterns for Element D2 in Alternative Array 

Configuration at 20 GHz 

4.4.4.3 Cross-Polarization Performance 

In the new array configuration, the cross-polarization performance is also improved. 

Figure 4-25 shows the 2D image of the complete cross-polarized radiation pattern of 
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element A2’. Within the region of the main beam itself, performance has been 

significantly improved to over -12 dB, a result much more consistent with reported 

ALTSA designs. The high cross-polarized diagonals observed in the simulated results are 

also dramatically more evident. Indeed, as one would expect, the maximum cross-

polarized radiation occurs well out on the diagonals, reaching a maximum level of about -

5 dB. It is common in practical antennas that maximum cross polarization levels occur 

approximately on the 45 degree diagonal as is observed in this case. 

 

Figure 4-25: Cross-Polarized Image of A2’s Radiation Pattern 
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4.5 Summary 

Measured results of the fabricated 4x4 LTSA array are presented. Mutual coupling 

effects in  the E plane are stronger than predicted in the simulator. This is evident in 

higher sidelobe levels attributed to neighboring elements on the same substrate. 

Vertically spaced substrates also appear to produce mutual coupling effects. Beam 

widening occurs whenever an adjacent substrate is present in the H plane. This beam 

widening distorts the beam symmetry. 

In an attempt to improve the isolation between elements, an alternative array geometry is 

tested. Orthogonal substrates improve isolation between adjacent elements on the same 

substrates, significantly lowering the attributed sidelobe levels to those predicted by 

simulation for a single element. Beam symmetry, unfortunately, is not improved in the 

new array configuration. 

Cross-Polarization performance remains a significant shortcoming for the design, even 

when appreciably improved in the new array configuration. 
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Chapter 5 Conclusion and Recommendations 

5.1 Discussion and Recommendations 

The simulated and fabricated demonstration array of LTSA elements shows potential for 

radio astronomy imaging applications. While clearly several performance aspects must be 

notably improved including cross-polarization discrimination and array element 

separation, the elements still showcase narrow beamwidths for integrated elements and 

the potential for symmetric beam widths. 

5.1.1 Aperture Illumination 

As mentioned in Section 2.1, the tradeoff between spillover and taper efficiency is central 

to the design of good reflector antennas and by extension to radio telescopes that almost 

always utilize large reflectors. Since the technology demonstrator array was not designed 

for a specific reflector, this performance criterion is somewhat arbitrary for the prototype 

array. 

A discussion of a typical reflector and its illumination requirements is presented in [12]. 

For a parabolic dish with an f-factor (recall from Section 2.2 that this is defined as the 

ratio of the reflector’s focal length, f, to its diameter, D) of 1, the full width edge angle is 

56 degrees [12]. It should be noted, as will be discussed in subsequent sections of this 

chapter, that for such an f-factor, the prototype array would under-sample the image 

because of the relatively large aperture width requirements in TSA’s. A 10 dB edge taper 

is considered optimum in [12].  



 84

At 28 degrees for the endfire axis (half of the full width angle of the typical parabolic 

reflector being considered), the prototype array has approximately -9 dB amplitude – 

very close to the optimal 10 dB edge taper specification. Unfortunately, beam symmetry 

is never achieved to that low of an amplitude level in the prototype, so the typical 

reflector would be under-illuminated in the H-plane which is at -16 dB at that angle. 

5.1.2 Simulation Challenges 

A major obstacle in the design process of the LTSA prototype array is the computation 

requirements of the simulator. As mentioned in Section 3.1, the combination of the 

relatively high geometric density in the SIW feed, and the large electrical length and 

width of the LTSA element itself proves to be very time consuming to simulate. While 

the time domain solver in CST is well suited to electrically large structures, the high Q 

factor of the SIW feed posed an additional challenge to the simulator. Resonant structures 

are not ideal for the time domain solver, as it can be complex and time consuming to 

account for the energy response to the desired accuracy level in such structures [28]. 

As mentioned in Section 2.1, single element simulations on a dual core, Opteron 275 2.2 

GHz system with 3 GB of RAM takes as long as 18 hours to simulate (although with 

reduced energy accuracy, this could be improved to 8-12 hours). This obviously seriously 

limits the scope of optimization within the design, which likely reduces the final 

effectiveness of the backwards extensions impedance match technique used. More 

troublesome are the limitations this computational expense imposes on array simulation. 

Measurements on the fabricated array indicate that mutual coupling plays a significant 

role both in elements’ resultant radiation performance and input impedance. In CST, 

however, it is impractical to simulate more than 2 elements at once in the E plane 
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(requiring approximately 2 weeks to simulate) and entirely impractical to add additional 

array substrates in the H plane. Obviously, this poses a significant challenge for future 

designs that must account for such behaviour in order to maintain performance 

(particularly beam symmetry) when operating as part of the array. 

A very promising large scale travelling wave antenna simulation is demonstrated in [36]. 

An out-of-core method of moments based solver is utilized to simulate up to 64 VTSA 

elements in a phased array configuration. This is conducted on a laptop with dramatically 

more modest specs than the workstation used for the LTSA design and simulation, and 

results are obtained in less than an hour [36]. It would need to be ensured that such a 

solver could accurately simulate the SIW transmission lines. Given the independence of 

an elements radiation pattern to the feed, however, it would certainly be possible to 

model the two portions separately. As shown in Section 3.5, CST can accurately simulate 

SIW structures; simulation times for these models are very modest, typically well under 

10 minutes.  

5.1.3 Cross-Polarization Performance 

Cross-polarization discrimination is a significant shortcoming of the prototype LTSA 

design. The performance of the fabricated array shows slight improvement over the 

predicted simulated values (2 dB below the co-polarized peak, as opposed to less than a 

single dB in the simulator). Further improvement is obtained utilizing the alternative 

array configuration. The central beam values of -12 dB are closer to those reported as 

typical (see Section 2.3.7) for antipodal TSAs. This, however, still falls well short of 

requirements for polarization measurement or separation in radio astronomy. For ALMA 

Band 3, better than -20 dB cross-polarization level are required in the specifications. 
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Clearly, significant improvement must be made to the design if it is to be viable for 

polarization critical measurements or techniques. For future designs it may be necessary 

to abandon directly feeding the LTSA element with SIW transmission line, in order to 

remove the necessity of the antipodal tapers. Given the dramatically superior S11 

performance of even back to back microstrip to SIW transitions (refer to Section 3.8) 

compared to the limited results using the backwards extension technique, utilizing a 

single such transition to microstrip before feeding the TSA element might actually 

improve performance. Once transitioned to microstrip, radial quarter wavelength stubs 

(as shown below in Figure 5-1) could be utilized to couple the signal to a slotline, 

forming the base of the TSA tapers. 

 

Figure 5-1:  A Broadband Microstrip to Slotline Transition [17] 

 

Broadband results have been reported for such quarter wavelength radial stubs in [17], 

and as such it is unlikely switching to this feed type would seriously limit the antenna’s 

operating bandwidth compared to the direct SIW fed approach taken for the demonstrator 

prototype array. 
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An alternative to this approach, that would maintain the direct SIW feed utilized in the 

prototype design, would be to use balanced antipodal flares. As mentioned in Section 

2.3.7, balanced antipodal designs typical revert back to the improved cross-polarization 

performance of non-antipodal designs. The introduction of a third metalized plane in the 

middle of the substrate would pose a unique challenge in fabrication, however. 

5.1.4 Effective Thickness Compensation Technique 

As discussed in Section 3.3, the high permittivity substrate ideal for low loss SIW 

transmission lines is unfortunately not ideally suited for TSAs. The effective thickness of 

the design is well above the upper limit for effective radiation, however the resulting 

grating lobes are reduced by removing the substrate from the tapered region as suggested 

in [10].  

While from a performance standpoint this solution is certainly acceptable, it posed 

serious issues in fabrication. Because of the large length of the antenna elements, the 

tapered portions have to be cut manually for each element. This is very time consuming 

even for the comparably very modest sized 4x4 array. Additionally, removing such a 

large fraction of the substrate further undermines the mechanical stability of each linear 

array substrate along the length of the array. While this problem is offset by the low 

dielectric Rohacell foam supports, such a solution might not be as readily available at 

higher frequencies.  

An alternative approach, showcased at up to 75 GHz in [37], uses air cavities in low 

temperature cofired ceramics (LTCC) based layered substrates. Figure 5-2 shows the air 

cavity design in [37] that is successfully used to reduce the grating effect introduced by 

the high dielectric of the LTCC material utilized. 
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Figure 5-2: LTCC Based LTSA Design Using an Air Cavity [37] 

 

This multilayered approach is convenient for LTCC substrates, but would likely be 

significantly more challenging in substrates well suited to low loss SIW transmission 

lines. Still, an analogous approach may be feasible and warrants future investigation. 

5.1.6 Array Element Spacing 

Aperture efficiencies (the ratio of the effective aperture size versus the actual physical 

size of an antenna or array [9]) competitive or even exceeding performance of traditional 

waveguide antennas have been reported for TSAs [10], [12], [38].  

In spite of this, the wavelength aperture width requirement for TSAs to radiate is a 

serious problem for application in imaging arrays. (Recall Formula 2.5 from Section 2.2). 

Obviously, the 1.75λo element separation used in the prototype array limits the range of 

factors that it could effectively avoid an under-sampled image with. A very shallow 

parabolic reflector with a focal length over 3.5 times its diameter would be required to 



 89

avoid aliasing. While this would be fine for an unorthodox reflector like the large 

adaptive reflector proposal for the SKA discussed in Section 1.2, it severely limits the 

technology’s application in its current state. 

A technique to reduce the aperture size requirements in TSAs was proposed as part of an 

effort to improve grating lobes in phased array applications in [39], [40]. The parallel 

plate tapered slot antenna (PPTSA) utilizes isolating plates in the H plane and cutoff 

waveguides in the feeding network as shown in Figure 5-3 below. This technique allows 

the elements to effectively radiate even when the apertures were less than a half 

wavelength of the lowest frequency, λl, wide. Acceptable results are obtained for E plane 

spacing as low as 0.16 λl and H plane spacing of 0.21 λl. While fine for their application, 

the results obtained using this technique have very wide beamwidths compared to those 

aimed for in the prototype LTSA array. As such, further investigation would be necessary 

to see if the parallel plate approach could be useful for future radio astronomy 

application. 

 
Figure 5-3: PPTSA Array [39] 
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5.1.7 Aperture Isolation 

The second array configuration tested, in which the substrates are orthogonally 

interleaved, shows improved isolation between adjacent elements in the E plane. The 

large leaked side lobes that were visible originally are notably reduced. Additionally, the 

impedance match between the feed network and the antenna elements are significantly 

better than with only the results of backwards extension (albeit with very limited scope 

optimization). 

Unfortunately, the crude construction cuts used were necessary because the alternate 

configuration was conceived and implemented well after fabrication occurred. The long 

cuts between each aperture and feed network further undermine mechanical stability 

along the length of the substrates. The torque caused by the SMA connectors usage (even 

with properly calibrated torque wrenches) in the array feed even deformed the substrate 

of several of the horizontal elements. 

[33] used metalized VIA holes, like those used in the SIW feed, to isolate adjacent VTSA 

elements. This technique would obviously be convenient for future array designs that also 

use SIW feeds which already require laser drilling in fabrication. 

5.2 Conclusion 

A technology demonstration imaging array was successfully designed, fabricated and 

measured. TSA elements were used because of their reported symmetric beams and 

higher directivity than other common, compact, planar antenna elements. An antipodal 

design using an SIW feed like in [6] was used. 
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Reported behavior of the TSA type and SIW were reproduced in CST simulations. The 

backwards extension technique reported previously was verified to produce an acceptable 

impedance match. Array simulations, however, were limited given the high 

computational requirements for the electrically large antenna.  

Measurements were conducted on the final fabricated 4x4 array on the Band 3 antenna 

range at HIA. Mutual coupling effects in the E plane are stronger than predicted in the 

simulator; this is evident in higher sidelobe levels attributed to neighboring elements on 

the same substrate. Vertically spaced substrates also appear to produce mutual coupling 

effects. Beam widening occurs whenever an adjacent substrate is present in the H plane. 

This beam widenining distorts the beam symmetry. 

In an attempt to improve the isolation between elements, an alternative array geometry 

was tested. Orthogonal substrates improve isolation between adjacent elements on the 

same substrates, significantly lowering the attributed sidelobe levels to those predicted by 

simulation for a single element. Beam symmetry, unfortunately, is not improved in the 

new array configuration. 

Cross-polarization performance remains a significant shortcoming for the design, even 

when appreciably improved in the new array configuration. Unfortunately, this 

performance aspect appears to be typical of the antipodal flares used, and may necessitate 

another feeding technique, perhaps using a transition to microstrip and slotline, in future 

designs.  

Array element spacing is also a significant shortcoming of the technology. The half-

wavelength aperture width requirement severely limits the reflector types such an array 

could use for imaging while avoiding aliasing from undersampling. The PPTSA 
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architecture or an analog of it may be able to improve this spatial sampling requirement 

in the future;  results reported for the technique, however, are not largely directive.  

With a better understanding of the mutual coupling of the LTSA elements when arranged 

in an imaging array, and perhaps a method of moment based simulator that would allow 

larger scale simulation, it is possible that TSAs will be useful in future radio astronomy 

instrumentation. Measured results of the LTSA elements showed ideal illumination for a 

typical parabolic reflector, and the nearly symmetric beamwidths achieved in the 

simulator show promise for the application.  
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