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ABSTRACT 

Slotted waveguide array antennast which are widely used in radar 

systems, are becoming increasingly more amenable to computer aided 

design/synthesis procedures, since the scattering characteristics of 

a slot in a waveguide can be predicted to a high degree of accuracy. 

This thesis presents an improved theoretical CAD package to design 

arrays of this type. It differs from earlier such packages in that 

the reliance on measured data has been avoided with a theoretical 

technique termed the moment method being used to provide the self 

admittance data for the slots. 

The efficient implementation of this package and in particular the 

incorporation of the moment method into it has been aided 

considerably by using this method to make a prior study of the nature 

of certain critical slot characteristics. Most of the more 

significant waveguide slot relationships have been discussed in the 

literature in one form or another except for those relating to slot 

width. A study employing the moment method has been carried out to 

eliminate this oversight and the functional relationship between this 

parameter and the slot resonance has been determined. The moment 

method solution has also been extended to permit the examination of 

round end slots, which are commonly used in practice, by developing a 

novel axial sectioning procedure. 

The evolution of the computer aided array design package is described 

in some detail. The package has subsequently been employed to design 

array examples, one of which was constructed. The experimental and 

theoretical results for this antenna have been presented to 



demonstrate the plausibility of this technique. Some less 

conventional array configurations have also been synthesised to 

demonstrate design flexibility. 



CHAPTER 1 

INTRODUCTION 

Engineers have been familiar with the concept of a radiating slot in 

the wall of a waveguide for the last forty or so years and 

considerable effort has been directed towards solving the associated 

electromagnetic boundary value problem. Several analytical solutions 

have evolved with time, the sophistication of which have progressed 

concurrently with the advancements in computer technology. The 

availability of powerful, high speed computers has permitted more 

realistic mathematical models to be analysed and consequentlyr the 

accuracy of the theoretical solutions has improved. The moment 

method solution, which is presently the most accurate technique 

available, is capable of predicting to within experimental error 

(< 1%) the scattering characteristics of a slot of almost any length, 

located with little restriction in a waveguide wall of any thickness. 

Antennas comprising of arrays of slots, appropriately positioned in 

the wall of a waveguide, are currently employed in both military and 

civilian microwave systems. This type of antenna has several 

advantages over the waveguide fed parabolic reflector antenna which 

dominated the market until the late 1950s. One of the main 

advantages is that the excitation distribution can readily be 

controlled over the array. Also, there is no problem with spillover 

or back radiation from the primary feed and the physical structure is 

more compact. 

The task of designing slotted waveguide array antennas presents 

formidable analytical difficulties which have normally been overcome 
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by adopting certain simplifying assumptions. These simplifications 

have enabled antennas of this type to be designed with low side lobe 

levelst by employing accurately measured data for the self 

admittances of the individual slots, and by forming an equivalent 

dipole array, using Babinet's principle, to quantify the external 

mutual coupling. The internal mutual coupling is normally ignored as 

the effect is known to be negligible, as long as the height of the 

waveguide is not less than one quarter of its standard height. The 

reliance on measured data, howeverl restricts the array 

configurations which may be examined to those for which measured 

results exist. This restriction may be eased by incorporating an 

accurate analytical solution such as the moment method into the 

design procedure to provide theoretical self admittance data on the 

individual slots. 

To accomplish a wholly theoretical design technique for tightly 

specified slotted waveguide antennas it is necessary, firstly to 

ensure that the analytical solution adopted is capable of accurately 

characterising a slot in a waveguide. Secondly, this solution must 

be incorporated into a synthesis program. This thesis represents a 

first attempt to do this. The moment method has been examined with a 

view to incorporating it into a design program for antennas of this 

type and considerable effort has been directed towards confirming 

that its theoretical predictions are of a sufficiently high standard 

(chapter 3). The analysis has also been extended to examine an 

axially sectioned slot with a view to improving the theoretical model 

to enable the effect of the round ends of the slots, which are 

actually used in practice, to be incorporated into the solution 

(chapter 4). 
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It is advantageous to have prior knowledge of the functional 

relationship between the slot characteristics and the dimensional 

parameters if a theoretical design procedure is to be implemented 

efficiently. These relationships have been comprehensively discussed 

in, the literature with the exception of curiously the width parameter 

and therefore it was pertinent to examine this parameter. A study of 

the functional relationship between the slot width and the resonant 

behaviour of the slot has been carried out. The theoretical 

predictions obtained have been confirmed experimentally using an 

accurate waveguide bridge technique (chapters 4& 5). 

Once sufficient evidence had accrued to demonstrate clearly that the 

moment method solution was a suitable alternative to the measured 

data it was then incorporated into an array antenna design program 

(chapter 6). This procedure has been used to design various 

examples, one of which was constructed. Its radiation pattern has 

been examined on an accurate near field measurement system. The 

experimental and theoretical results, which have been presented, were 

used to assess the performance of the design approach (chapter 7). 

The flexibility of this procedure has also been examined and several 

less conventional array configurations were synthesised to 

demonstrate this (chapter 8). 
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CHAPTER 

REVIEW OF THE LITERATURE 

Slotted waveguide antennas have been topical in the literature since 

the 1940s and considerable effort has been directed towards 

developing efficient design/synthesis procedures. Inevitablyr the 

procedures which evolved have been modified and refined over the 

intervening years, however, they still rely on measured data for the 

self admittance values of the individual slots in the array. This 

reliance on measured data restricts these techniques to examining 

array configurations for which measured results are available for the 

constituent slot radiators. In order to ease this restriction a 

synthesis procedure based on other than measured results is required. 

The obvious alternative is to theoretically evaluate the data and 

there are three predominant methods available for the analysis of 

apertures radiating through waveguide walls which may be used. These 

are the diffraction method originally propounded by Bethe [2.1], the 

variational method [2.2,2.31 2.41 2.5] and the moment method [2.6t 

2.71 2.81. The developments of these theoretical solutions have been 

comprehensively reviewed from the viewpoint of array synthesis in 

(2.9] and this is included in appendix 3. It is, however, worth re- 

examining briefly the development of these methods. 

2.1- APERTURES IN INFINITE, THIN CONDUCTING SHEETS 

The electromagnetic boundary value problem formed by an aperture in 

an infinite, thin conducting sheet is a prime slot radiation problem 

and it has been addressed by various investigators. Since the 

techniques which have arisen from these studies have often been 

applied to the slightly different problem of a slot radiating through 
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a waveguide wall, it is pertinent to consider the conducting screen 

case. However, our comments will be restricted to only a few of the 

more relevant papers and an exhaustive review of the literature has 

not been attempted here. The earliest paper on this subject dates 

back to the latter part of last century, when Lord Rayleigh (2.101 

developed a theory for electrically small apertures. Around the same 

time, Kirchhoff presented an alternative theorem for large apertures 

(length > X) and a good account of this is given by Stratton in 

[2.11]. However$, Bethe [2.1] showed this solution to be in error as 

the boundary conditions were not satisfied on the conducting screen. 

He propounded an 'improved' solution which evaluated the scattering 

fields using the electric and magnetic dipole moments of the 

aperture. This method was capable of correctly predicting the far 

field radiation pattern of a short slot (length << X) . However, the 

predicted near field was incorrect and Bouwkamp (2.12] demonstrated 

this by showing the electric field to be discontinuous in the 

aperture due to an erroneous expression for the magnetic current 

density. 

Levine and Schwinger [2.13] diversified and presented a solution 

based on the variational method to predict the fields scattered by an 

aperture in an infinite screen. This solution was capable of 

characterising slots with lengths up to and beyond resonance. An 

interesting graph was also presented in this paper which compared 

these techniques. This clearly demonstrated that the variational 

method was the only technique then available, which was capable of 

predicting acceptable results over the complete range of aperture 

sizes. 
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2.2 APERTURES RADIATING THROUGH WAVEGUIDE WALLS 

The slotted waveguide antenna was initially developed during the 

Second World War for use in radar systems. Watson gives an 

interesting account of the early developments in [2.141 where 

extensive experimental investigations, to characterise a radiating 

slot in the wall of a waveguide, are reported. Stevenson published a 

theoretical solution based on Maxwell's equations in [2.151 which 

verified the results of these investigations. In this paper, which 

has been acknowledged as a classic in its field, he rigorously 

developed a set of equations for the conductance/resistance of a 

resonant slot in a waveguide. 

Subsequently, these equations have been confirmed both experimentally 

and theoretically by Oliner in 12.3). In this paper Oliner also 

extended the analysis to permit the impedance characteristics of non- 

resonant broadwall slots to be determined. His solution incorporated 

the work of several forerunners in the field, namely Marcuvitz and 

Schwinger [2.161 who addressed the problem of scattering from 

discontinuities in waveguides and Lewin [2.17] who examined slots 

radiating through the ends of waveguides. Equivalent circuits for 

the transverse, longitudinal and inclined slots were developed 

following the procedure described by Marcuvitz [2.181 and building on 

the variational solution detailed in (2.13]. Expressions to quantify 

the impedance values for each circuit were formulated using a 

sinusoidal trial function which modelled the field distribution in 

the slot. 

The problem of the slot radiating through a waveguide wall which has 

finite thickness has also been addressed by Oliner and he modelled 
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this effect by considering the slot as a short transmission line in 

which only the TE 10 mode was present. Experimental confirmation was 

produced by Oliner to demonstrate the effectiveness of this technique 

and his paper has been acknowledged as significantly advancing the 

slot antenna theory. It is worth pointing out that this solution is 

erroneous under certain conditions and this can be attributed to two 

main factors. Firstly, it was assumed that the slot would be 

positioned close to the centre of the waveguide and the Green's 

function was not summed for slots close to the side wall. Secondly, 

the effect of the slot thickness was dealt with in isolation and not 

included in the electromagnetic solution. However, in spite of these 

inadequacies, this solution has been universally employed to form the 

basis of analysis and synthesis of rectangular waveguide slot arrays. 

Consequently, it has with time been refined and extended to examine 

other slot arrangements. Larson and Powers (2.19] modified it to 

encompass dielectric filled waveguidest Bailey [2.201 used it to 

examine slots with dielectric coverings and Sangster and Hawkins 

(2.21t 2.41 extended it to characterise offset inclined slots. 

An alternative variational solution was formulated by Das and Sanyal 

[2-51 using the reaction method [2.22] and-the resulting predictions 

appear to be in slightly better agreement with experimental results, 

around resonance, than Oliner's results. This improvement can be 

attributed to the different trial function used to model the field in 

the slot. 

The next major advancement in this field came in 1968 when Harrington 

(2.61 published his book 'Field Computation By Moment Methods', in 

which he detailed a moment-method analysis of wire antennas. Vu Khac 
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and Carson [2.7,2.23,2.24,2.251 have successfully applied this 

technique to the problem of apertures radiating through the waveguide 

wall. The effect of wall thickness was incorporated intothe 

electromagnetic formulation of the problem and the resultant solution 

was capable of predicting slot characteristics which were in 

excellent agreement with experimental results. Vu Khac and Carson 

chose to adopt pulse basis functions to model the field distrubution 

in the slot instead of the conventional trignometric functions in 

this solution. 

Lyon and Sangster [2.8] recognised the possibility of enhancing this 

solution by reverting back to trignometric basis functions and 

consequently, they developed a similar solution using sinusoidal 

basis functions. This solution was found to be computationally more 

efficient, with a single basis function reasonably emulating the 

field distribution in the slot compared to approximately 20 pulse 

functions and therefore this method avoided unnecessary manipulation 

of large matrices. The authors also extended the solution to 

characterise slots in bifurctated waveguide [2.261 and further work 

has been carried out to extend it to examine slots with dielectric 

coverings in (2.27). 

Lyon and Hizal also pointed out in [2.27) that although the accuracy 

of the moment method predictions for slots was impressive, this could 

be improved upon by incorporating the effect of enhanced field 

strengths at the edges of the slot into the solution. This has been 

examined by various researchers; Stern and Elliott [2.281 presented 

both experimental and theoretical data for longitudinal shunt slots 

which demonstrated that the moment method can predict results" 
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"comparable in accuracy to a carefully performed experiment" once 

this effect is incorporated into the solution. In this connection 

Park (2.291 also presents an interesting set of curves which shows 

moment method predictions with the edge enhancement included and 

excluded. An improvement of approximately 0.5% in accuracy for slots 

close to the waveguide centre line can be obtained. 

While the analytical procedures for characterising slots in 

waveguides have progressed to the point were they can be 

realistically used in place of experimental results. The complexity 

exhibited by these techniques is such that a high power main frame 

computer is a pre-requisite if they are to be implemented. These 

solutions lost the simplicity of the earlier techniques which re- 

stimulated an interest in Bethe's [2.1) small aperture theorem around 

1970. Consequently, effort was directed towards producing a simple 

closed form solution. Van Bladel [2.30,2.31) developed equivalent 

circuits for various slots using Bethe's work and formulated closed 

form algebraic expressions to evaluate the component values. This 

enables small desk top computers to be used to characterise slots 

whose lengths are short with respect to a wavelength. Short slots 

are almost never used in practice and with this in mind Levy (2.321 

extended-the solution to characterise slots up to resonance. He also 

addressed, along with several other contributors, notably Cohn (2.331 

and McDonald-(2.34), the problem of evaluating the effect of finite 

wall thickness. The general approach has been to view the aperture 

as a short cut-off waveguide operating in its dominant mode (TE10) 

and a correction factor has been introduced to compensate for this 

effect. 
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In a more recent paper Levy [2.35] highlights the fact that the 

condition of a uniform field across the aperture, which is strictly 

required by the small aperture solution, is not often satisfied and 

he formulated a set of correction factors which minimised this error 

by averaging the field over the aperture. The final modification to 

this method presently detailed in the literature adjusts the solution 

to satisfy the power conservation condition. This has been examined 

by both Collin'[2.36] and Cheng [2.37] and correction factors are 

once again presented. Once all the modifications mentioned above 

have been incorporated into the analysis, this method may be employed 

to provide fast, reasonably accurate predictions of the slot 

characteristics up to resonance. 

2.3 SLOTTED WAVEGUIDE ANTENNAS 

The slotted waveguide antenna was first introduced by Watson [2.141 

some 45 years ago and since then considerable attention has been paid 

to developing efficient'design techniques. There are two physical 

considerations which must be taken account of in the design of an 

antenna of this type. Firstly, the amplitude and phase of the 

excitation distribution across the array must be determined for the 

desired far field pattern. Secondly, the physical array 

configuration must be such to correctly excite each slot in the 

array. The latter condition is inherently more difficult to satisfy. 

Before examining the methods available to accomplish this, it is 

worth mentioning some of the techniques available to evaluate the 

excitation distribution of an array. 

The far field pattern of an antenna is usually characterised by an 

array factor which relates the radiation pattern to the excitations 
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of the individual elements in the array. This factor may readily e 

developed using vector algebra, however Schelkunoff (2.381 recognised 

that the vector format was not very convenient for design work and he 

developed an alternative solution which is almost always adopted in 

array design work. This solution converts the vector form of the 

array factor to a polynomial using Z transforms and the far field 

pattern can be shaped, with individual side lobes and/or groups of 

side lobes being raised or loweredr by appropriately positioning the 

roots of the polynomial in the complex Z plane. Perturbation 

techniques can readily be employed to correctly position the 

appropriate number of roots (zeros) to generate almost any desired 

far field pattern. ýUnfortunately, the excitation distributions 

cannot always be realised by slotted waveguide antennas due to the 

interdependence between the slot excitations and the physical array 

configuration. For example, the phase shift between slots is 

dependent on their position relative to each other, whereas, 

restrictions of this type do not occur for elements which can be fed 

independently. There are, however, at least three classical 

solutions detailed in the literature that are commonly employed for 

slotted waveguide antennas which should be mentioned. 

Dolph recognised that the Chebyshev polynomial was ideally suited to 

generate a pattern with side lobes equal in magnitude and 

consequently, he developed a set of relationships in [2.391 to 

determine the root positions. This solution has been examined by 

many investigators in the intervening years and a number of revised 

algorithms based on Dolph's work have evolved (2.40,2.41,2.42, 

2.43,2.44,2.45,2.46,2.47,2.48]. 
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The most significant extension of Dolph's solution was reported by 

Taylor [2.49] where it was adapted for continuous distributions. 

Taylor also slightly modified the solution to cause the outer side 

lobes to decay as a function of angular displacement from the main 

beam as he recognised the possibility of singularities in the Dolph 

solution. This solution may also be used to design arrays with 

discrete excitation distributions using a sampling technique. 

The third solution to be mentioned is often employed in radar 

antennas to compensate range with elevation. It was developed by 

Woodward (2.50] and it shapes the pattern by filling in the nulls. 

This was-achieved by superimposing a family of patterns so that the 

main beam of each successive partial pattern occurred at the first 

null of the preceding pattern. The heights of the main beams of each 

partial pattern were controlled to shape the pattern in accordance 

with the specification. This solution has also received considerable 

attention over the last 40 or so years due to its radar application 

and various refinements have been detailed in the literature [2.51t 

2.52f 2.53,2.54t 2.55,2.56,2.571. 

There are numerous other solutions available in the literature, 

however, these are generally limited in their application as they 

have usually been formulated to solve specific problems. For 

example, Tsunoda and Goto (2.58) have presented a solution which 

employs resonant slots and adjusts the slot separation to correct the 

phase of the excitations. No attempt has been made to review these 

algorithms in this section. 
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Once the appropriate radiation pattern has been selected and the 

excitations of the elements in the array have been evaluated then the 

physical array configuration must be determined. Various 

investigators have examined this problem and, as mentioned 

previously, Watson was one of the earliest pioneer workers in this 

field. He addressed this problem in [2.14] and demonstrated 

experimentally the viability of employing slotted waveguides as 

antennas. In this paper both the resonant and travelling wave arrays 

were examined and procedures were developed for the design of these 

arrays with the additional option of either transverse or axial 

polarisation using longitudinal shunt slots or inclined sidewall 

slots respectively. Stevenson also briefly addressed this problem in 

(2.15] where he formulated expressions to evaluate the slot 

excitations in terms of the incident wave in the guide. 

An interesting lecture was given by Fry [2.591 in 1946 which drew 

together much of the preceding work on slotted waveguide linear 

arrays. In this the implications of designing arrays of the type 

detailed by Watson were discussed and the concept of 'incremental 

conductance' was introduced. This is a conductance function which is 

evaluated experimentally in terms of both the slot separation and the 

slot inclination to compensate for the mutual coupling between edge 

slots. No such function was required for arrays comprising of 

longitudinal shunt slots as the mutual coupling is considerably less 

significant in this case. 

At about the same time the literature suggests that attention was now 

being directed towards formulating efficient design procedures for 

slotted arrays and Kaminow and Stegen [2.601 developed solutions for 
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both resonant and non-resonant (travelling wave) arrays. While the 

design procedure for the resonant array was not too dissimilar to 

Watson's, that for the travelling wave array was much more complex 

with transmission line theory being employed to incorporate the 

reflection of each slot into the solution. Dion [2.611 developed a 

similar solution for a travelling wave array, which differed from 

reference [2.60] in that he assumed the coupling for each slot was 

small and therefore the array could be considered to be matched at 

every point. He demonstrated the validity of this simplifying 

assumption by using his method to design a 20 element array. This 

was constructed and the radiated pattern was found to be in 

reasonable agreement with the theoretical prediction. Dion also 

pointed out the need to control the spacing between slots to suppress 

second order beams and he formulated some relationships to determine 

the maximum spacing before these beams appeared. 

The procedures outlined above have adopted the simplifying assumption 

that the mutual coupling between slots can be ignored. This enables 

them to be readily implemented to obtain array designs as long as the 

self admittance data for the individual slots is available. In this 

connection Jasik [2.621 has published an invaluable set of tables of 

self admittance data for a variety of slot displacements and 

frequencies. Crompton and Collin [2.63] have also examined the topic 

of slotted waveguide antennas, along with Brady (2.641 and 

interesting accounts of the relevant work have been elegantly drawn 

together and summarised in these extended texts. 

During this period considerable effort has also been directed towards 

quantifying the mutual coupling between slots and three methods have 
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evolved to evaluate this. The periodic structure solution [2-65t 

2.66], which is usually employed to characterise essentially infinite 

arrayst utilises the periodicity of the array and splits the array 

into unit cells. The complete admittance characteristics of the cell 

are then calculated and consequently, the mutual coupling is 

automatically taken into account. Vu Khac [2.7] developed an 

alternative solution which is more suited to slotted waveguide 

arrays. This is based on the moment method and evaluates the array 

problem, as a single electromagnetic problem. This provides extremely 

accurate results, unfortunately, due to the excessive computational 

requirements it is presently impractical to implement this solution. 

An element by element solution is also available which is currently 

adopted in the design of most slotted waveguide arrays. This 

solution examines the mutual coupling for each element in the arrax 

separately and then applies superposition to determine the overall 

effect. 

Initially, an experimental investigation was carried out by Ehrlich 

and Short [2.671 to examine the external mutual coupling between 

longitudinal slots and this indicated that this effect was comparable 

to that of waveguide tolerancing errors. The authors, thereforej 

concluded that the mutual coupling may be ignored in the design of 

linear arrays, of reasonable length, for side lobes set as low as -30 

dBs. Kay and Simmons [2.68) also addressed this problem and they 

presented expressions for both internal and external mutual coupling 

between longitudinal slots radiating through the broadwall of a 

rectangular waveguide. The internal mutual effect was shown to be 

negligible in full height waveguide provided the slot separation was 

of the order of X9 /2. It was sufficient to consider only the 
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external mutual coupling in the design of linear arrays even for 

arrays with the side lobe levels set lower than -30 dBs. Elliott 

[2.691 in a recent publication confirmed the findings on the internal 

mutual coupling and formulated expressions to evaluate the coupling 

due to the TE20 mode. The results presented show that the internal 

coupling can be neglected, unless the waveguide height is reduced to 

approximately one quarter of its standard height. An interesting 

pictorial representation has been presented in [2.70] which helps to 

enunciate clearly the relationship between the various scattering 

components of slots in an array environment. 

The techniques mentioned so far to evaluate the mutual coupling are 

restricted in their application to resonant slots and therefore, they 

are not often employed in array design work. Instead Babinetts 

principle [2.71] is used to determine the coupling between slots by 

initially, evaluating the equivalent mutual impedance between dipoles 

and then relating this to the slots. The initial investigations 

carried out to quantify the coupling between radiating dipoles date 

back to, the work of Carter [2.721 in 1932 when he formulated an 

expression to characterise the mutual impedance between two dipoles. 

Since then this has been extended by several authors [2.73,2.74, 

2.751 to examine more complex configurations and consequently, the 

complexity of the equations has also increased. Baker and Lagrone 

(2.76] recognised that the introduction of numerical integration into 

the solution would considerably simplify the mathematics of the 

equations. Consequently, they formulated two relatively simple 

expressions to evaluate the mutual coupling and these are still 

currently used. Various investigators have examined this solution 
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and developed computationally more efficient algorithms (2.77,2.781 

to help minimise the processing requirements. 

The next significant advance in this field came in 1978 when Elliott 

and Kurtz [2.79] presented a design procedure for slotted waveguide 

arrays which incorporated the external mutual coupling. This 

technique employed an equivalent dipole array to evaluate the mutual 

coupling along with Babinet's principle to transform these to 

equivalent slot values. It should be noted that this technique still 

relies on measured self admittance data to obtain a successful 

design. Elliott [2.801 extended the procedure to design travelling 

wave arrays in the following year and he presented a 21 element 

example designed by this routine. This was constructed and the 

experimental results were found to be in reasonable agreement with 

theory. In 1983 the dependence on the equivalent dipole array was 

removed and Elliott (2.81) presented a new 'improved technique' for 

the design of resonant arrays. The expression for the mutual 

coupling between slots was developed using a sinusoidal distribution 

to correctly model the field in the slot, resulting in a more complex 

solution involving a double integral compared to the previous dipole 

solution which required only a single integration. Malherbe and 

Davidson (2.82] recognised this and developed a correction factor to 

adjust Baker and Lagrone's work to provide results of similar 

accuracy while avoiding the complexity of the solution advocated by 

Elliott. 

2.4 CONCLUSION 

The electromagnetic boundary problem formed by a slot radiating 

through the wall of a waveguide has received considerable attention 
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in the literature, since introduction of slotted waveguide antennas 

during the Second World War. The sophistication of the analytical 

techniques to solve this problem have progressed concurrently with 

the advancements in computer technology. The availability of 

powerful computers has permitted more complex mathematical techniques 

to be adopted which has enabled more realistic models to be analysed. 

These have progressed to the point where the moment method is capable 

of accurately predicting experimental resultst for commonly used slot 

examples. 

Various techniques have also evolved over the years to design slotted 

waveguide array antennas. These procedures, howeverr have not 

advanced to the same extent as the single slot solutions. Presently 

they rely on accurately measured data for the self admittance of the 

individual slots and an equivalent dipole array to evaluate the 

mutual coupling between slots. Little or no effort appears to have 

been directed towards incorporating the accurate analytical solutions 

for slots into the design procedures. This can be attributed to the 

need to achieve practical processor times on presently available 

computing facilities. 
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CHAPTER 

MOMENT METHOD ANALYSIS OF APERTURES IN RECTANGULAR WAVEGUIDE 

The sophistication of the analytical techniques employed to solve the 

electromagnetic boundary value problem formed by radiating apertures 

in rectangular waveguide has progressed concurrently with 

advancements of computer technology. The availability of high speed 

main frame computers has permitted increasingly more complex 

mathematical techniques to be introduced, enabling more realistic 

models to be analysed. For example, the moment method can predict 

with some accuracy the behaviour of a slot of any lengthr located 

with little restriction, in a wall of any thickness. This technique 

basically reduces the electromagnetic scattering problem to a pair of 

simultaneous integral equations which can be arranged in matrix form 

and then solved by known techniques. 

In this chapter-it is convenient to restate the development of the 

moment method solutions for both the-longitudinal and transverse 

slots, located in the broadwall of rectangular waveguides. However, 

it will suffice, to simply quote many of the results without 

reproducing the complex mathematics, as the technique is well 

documented in the literature [2.6,2.7f 2.81 2.27,3.1]. 

3.1 FORMULATION OF THE INTEGRAL EQUATIONS 

A diagram of the co-ordinate system used is illustrated in Figure 

(3.1) with an expanded view of the slot in Figure (3.2). For clarity 

the waveguide is designated region a, the slot region b and the half- 

space region c. The fields in regions a, b and c are (Ea + Eil %+ 

ýi), (Eb, Eb) and (Ec, HC) respectively, where Ei and Hi are the 
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incident f ields in the waveguide when the aperture is short- 

circuited. To satisfy the boundary conditions we require that, the 

tangential electric field is continuous over the upper and lower 

surfaces of the aperture (SI and S): 

nx (5a -V=0 on S (3. la) 

because 

A 
nxE0 here. Also 

A 

nIx (ýc 1b) 0 on S' (3.1b) 

Applying the f ield equivalence principle, it is possible to replace 

an aperture by a short-circuit with a magnetic current 
AA 

Dx E) and - (n x E) on its upper and lower surfaces, respectively 

[2.31. This converts the slotted waveguide problem into one 

comprising three connected regions, with known characteristics 

(waveguide, cavity and halfspace), which are excited by, unknown 

currents at the position of the slot. 

The tangential magnetic f ield must also be continuous so 

A 

nx (H +HaxHb on S (3.2a) 

AA 

n' x HC = D' xHb on S" (3.2b) 
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and the fields must obey Maxwell's equations 

xE= -jO4L 0E- 
im 

xH= i(oeo ý (3.3) 

consequently, they also obey the wave equation 

VxVxH -k 
2H= 

-JO)E 0 
im (3.4) 

A 

with nxVxH=o on perfectly conducting surfaces. 

If a Green's function GQ/r 
0 

), which satisfied the following 

equation: 

VxVx G(r/ro) -k2 G(E/jo) =- 18(r/ro) (3.5) 

A 

and the boundary condition nxVx G(r/r 
0o on perfectly 

conducting surfaces, is introduced, it is possible to calculate the 

magnetic field in each region from (2.63] 

J(oeo ff G(E/ro) . gm(ro) dSo (3.6) 

s 

where Jm (r 
0) 

is a magnetic surface current. 

Incorporating equation (3.6) into equation (3.2) results in a pair of 

simultaneous integral equations for nnx E' 
-x -E 

and 
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AA 

nxH iweoý x 
ff (G 

a 
(r/r 

0)+ 
Gb(E/ro)) 

s 

(2 x E(E0)ldS0 + jeX 
0nx 

ff Gb(ý/ro) . 
sf. 

in' x E"(E0»dS0 (E on S) (3.7a) 

A 

0= Jo)eo n' x ff (Gb (r/ro) + Gc (r/ ro) 
SO ft ft 

A 

x E' (ro) )dSo + JOXOý' x ff Gb (r/ ro) 
s 

A 
(D 

x E(ro))dSo (r on S') (3.7b) 

where G 
a, b, c are the dyadic Green's function of the regions a, b and 

c respectively. 

3.2 IMPLEMENTATION OF THE MOMENT METHOD 

It is evident from the complexity of equations (3.7a and b) that they 

cannot be solved directly and an approximate mathematical procedure 

must be used. In the past variational techniques [2.3,2.4,2.5, 

2.211 have been employed to solve such integral equations. These 

methods can predict reasonably accurately the scattering 

characteristics of slots radiating through waveguide walls of zero 

thickness for lengths up to and beyond resonance. However, the 

accuracy is limited somewhat as it is difficult to incorporate the 

effect of the finite slot thickness into these solutions. Therefore, 
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the method of moments [2.6] has been adopted which naturally 

incorporates this effect into the electromagnetic solution. It also 

has the added advantage that it may be applied directly to the 

integral equations without any rearrangement being required. 

To enunciate this technique, consider the equation 

Lf = (3.8) 

where L is a known operator, g is a known function and f is the 

function to be determined. If f is approximated by a series of basis 

functions in the domain of L, as 

N 
f=1: afs (3.9) 

S=l s, 

it follows that 

N 
2: a Lf =g (3.10) 

S=l ss 

This may be converted into matrix form by defining a set of testing 

functions, hl, h2..... hnI and taking a suitable inner product with 

each h il 

N 
Hence ZAs <hit Lfs> = <hit g> 

S=l 
i=1,2,3 

which is equivalent to 
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RISI [a sI= [gil 

where R is] = 

[a 
sI=I 

a2 

<hl,, Lf? <hll Lf? 

<h 21 Lf? <h 2, Lf? 

Igil <hll g> 

<h 21 9> 

The basis and testing functions are chosen either as a good 

approximation to the solution or to reduce the matrix to a form which 

is easily solved. 

In previous work on apertures in waveguide, trignometric basis 

functions have invariably proved to be computationally more efficient 

than pulse basis functions. A single sinusoidal function emulates 
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reasonably accurately the field distrubution in the slot, whereas 

approximately 20 pulse functions, using point matching, are required 

to model this. Consequently, we have chosen to proceed using 

sinusoidal basis functions to avoid unnecessary manipulation of large 

matrices. Referring to the slot co-ordinate system we therefore let 

AANA 

nxE=nxZas fs 2n on S (3.12) 
S=l 

and 

AANA 

nx E' = n' xbs fs on S' (3.13) 
S=l 

where 

ffS, sin 
SN + 

(3.14) L 

The method also requires the definition of a set of testing functions 

and an inner product. A considerable amount of work has been carried 

out on the evaluation of integral expressions of the type encountered 

in aperture problems [2.31, and, in order to build on this, the inner 

product chosen is 

ff p. q dS (3.15) 
S or S' 

and the testing functions will be of the same type as the basis 

functions, namely 

(t)a 1,2,3 
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as in Galerkin's method [3.2,3.31. The procedure converts the 

integral equations into a matrix of the form 

[C] [h] 

(3.17) 

L 
[B] 

-- 
[b] 

j- 
(01 

- 

where 

Ai's = -J(oeo ff fial . (n x ff [G 
a 

(K/ro) 
ss 

Gb (£/r 
0» -fs et dS 

9) 
dS (3.18a) 

A 

Bits -JOXO 
ff fax ff [G (E/ro) 

Al 
-q 

It ftb 

G (r/r f, 
-C - -0 Sýt 

dSol dS (3.18b) 

.A 
cj 

(OC 0 
ff fax ff Gb(r/r fsý4 dSO) dS i, s 'o 
si s" -0 

(3.18c) 

AAA 

o 
ff foX ff Gb (E/r 

o 
f; ý4 dSO) dS 

i's ime 
St S. 

(3.18d) 

AA 

h ff 'i anxHi (r)) dS (3.18e) 

s 
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When the integrals above have been evaluated and the matrix solved, 

the scattering parameters of the slot in question can be determined. 

The Green's function required (waveguide, cavity and halfspace) may 

be written down without difficulty. 

3.3 EVALUATION OF THE MATRIX TERMS 

The integrals in equation (3.18) have been rigorously evaluated in 

(3.11 and the mathematics is comprehensively documented there. 

Therefore the results will simply be quoted for completeness. 

However, a more detailed explanation of the significance of the 

constant mode (V mode) will be given as this mode was omitted from 

Lyon's solution. 

The solution will be separated into the four components ie, region a, 

b, c and the incident field, and the contribution of each component 

will be considered in turn. 

3.3.1 FREE SPACE 

The first region to be considered is free space and the Green's 

function is reproduced below [2.63] 

G (r/. Eo) +V 
V) e- 

jk I r-. Eo 1 

-C k22 7c I. K Eo I 

On substituting this into equation (3.18b) the expression to be 

evaluated takes the fom 

jcoc. ff f ff +Ld2) e- 
jk I r-r 01-f dS dS (3.20) 

st so k2 dý2 2s 1 r-. Eo Is0 
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The solution to the above expression naturally divides into two parts 

and the term relating to the imaginary component of the Green' s 

function is as follows: 

2W2 -n n-p+l (-l) (n+p+q+2) k (2n-1) L 2n 
TT zzY, 
0 n=l p=l q--l (in)2q-1 (SIC) 2p-1(2n+l) 

x+Sq, n-p+l 
((-') i+s + 1)) (3.21) 

(2n-1) (2n-2p-2q+2)! 

The second component due to the real part of the Green's function 

results in a more complicated expression which is reproduced below: 

(S-'» (P «-1) (i-s) 
sin"tA - sinsnA) 

0f2 
is L 

4nk 20 
[2 (k 2_ (iit) 2 (L-A) cos 

iicA 

(i+s) inA . snA -QIS ( (-l) sin L+ sin-L (i*S) 

+Q sinDcA) (i=s) ii L 

1 

(2W (ln (W + (A2 + W2 ) 
2) 

-y (A)) 
(3.22) 

1 
2 

(A2 + W2 2 
i (sin kA - sin k) ))dA 

jwe 
0wI (-l) U-S) Ais Mis - ois)(-l) U-S) ýsin"CA 

ln (A) dA 
27rk 20L 
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- (P +Q)ý sinL'Lýý ln(A)dA) -2 bis ((L_)2 is is 0 in 

L2L i7cA 2 7c 
2 

- si(iic) + sinT ln (A) dA) (k 
L) H 

ilt L 0 

where 

(i - s) odd 
A (3.23) is U-s) even 

1 

(A) 
w 

Cos k- (A2+ CF2) 
2 

dcr (3.24) f1 

0 (A 2+ 
C12 )2 

22 2L k (S i) 
7c (i-s) i*s (3.25) is - 

0 i=s 

(k 2+ 
si (! j) 2 2L (3.26) is Lx (i+S) 

sin u Si (K) =f -u du (3.27) 
0 

3.3.2 CAVITY 

The fields coupling to the surfaces of the slot due to the currents 

within the cavity contribute to each of the sub-matrices A, B, C and 

D. The integrals involved in evaluating these terms require the 

component of the Green's function for the cavity, which is as 

follows: 
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tý 00 Go cc E lo Emo Eno 
((E-, ) 

2 
9b = 7' Y, 7, 

U 1=o m--o n=o WLT (k 2 
lmn -k2) 

17C M+ W) 
+ 

W) 
mn + T) mg + T) 

X Cos 
202 

Cos Cos 0 
wTT 

L 
nic + ý) nx + 

x sin L sin -0L2 (3.28) 

where 

2( X) +2 nx 
2 

kL+ (3.29) lmn w 

This may be simplified with a little mathematical manipulation and 

the application of the result quoted by Collin's [3.41 

emo cos mx 
-=- Ic os (x-x) af or o :9x :5 27c (3.30) 

M--O m2 -a2a 
sin na 

to the following double summation 

00 0* '10 Eno in 
w 

+ 17C (11 
0 

+ 2 9b 
0) I=o n=o WL Cos w Cos w 

L 
4. b) (1 _ (nit) 2) nic + 2) nic (40 2U x sin Lý sin -Lk9 sin k9T 

Cos kC Cos k+ T) 
x 

Cos k99ýz 
ýo (3.31) 

g(ý + T) Cos kgto 
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where 

k2k2_ (i7c) 2 
9L 

(3.32) 

The self coupling and mutual coupling terms for the sub-matrices can 

now be determined by substituting equation (3.31) into equation 

(3-18) and evaluating the integrals. 

The self coupling expression for the lower surface of the slots, 

which appears in A its can be reduced to 

WL 1 
i--8 2 kZ 

0T 
tan k9T is (3.33a) 

and similarly the expression for the self coupling of the upper 

surface (equation (3.18b)) is 

WL 1kT 
JT TZ--OT tan k9T8 is (3.3 3b) 

The mutual coupling term C i, s and D i, s were also evaluated to give 

WL 1 
D (3.33c) ssJ -2 -kZT sin kT is 

09 

3.3.3 WAVEGUIDE 

The general integral equation (3.7) permits any slot orientations to 

be analysed. However, this involves integration of more than one 
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component of the waveguide Green's function and each component 

comprises of a double infinite summation. Therefore, the analysis 

has been restricted to the transverse and longitudinal slots. 

3.3.3a THE TRANSVERSE SLOT 

The component of the waveguide Green's function required in equation 

(3-18a) for the transverse slot is given by 

xx co Go -rnm Iz-z02 
mn 2 Ga (r/ro IEe Bm (o)eo) 

n=l m7-1 

nicx nicx MICY MAY 
sin - sin 0 Cos -b Cos 

b0 (3.34) aa 

00 00 -r =lz - zo, 2 1ý2 (nic) 2 
- 1: 1: e Ar- 
n=o m7-o Lm rim a 
n*m=o 

n7cx nicx mny mxy 
sin 

a 
sin -a-2 Cos -b Cos b0 

where 

2E on E om Aým 
jo* 

0r rim 
k2 ab 

(3.35a) 

2=_4 
(3.35b) nm J(OE 

0 
ým '2 ab 

k2= (") 2+( MIC )2 (3.35c) ab 
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and when this is substituted into equation (3.18a) and evaluated the 

expression reduces to: 

2Jcoe 
0-e 

-rnow 
- 1: cr(i, n)(Y(s, n) -1+ 2F2 2 (UnW + no k ab n=l 

rno 

e 
_r run 

Im 
232 M=l r3 Pn Pn n 

where 
2L 
in nxx ain 
2 1 

S in -2 cos a a 
a _ 

L 1) 
1/2 nxx 1 

Cos a a 

a (i, n) 
2L 
in cti7c ngxl 

Cos 2 si n-y- 2 a 
, _CX 

1-2 
L 

L 

-f (-1) 2 nxx 
sin-y- a 

and ct nL 
ia 

"Pn Cos lcPn 
sin "Pn 

ný= RPncosh nPn 
n> sinh APn 

(3.36) 

i even 

(3.37) 

i odd 

(3.38) 

(3.39) 
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b4 (1) 2 (n) 2 (3.40) 
Ic a 

3.3.3b THE LONGITUDINAL SLOT 

The summation of the H modes for the Green's function for the 

longitudinal slot is found to contain a term which results in the 

expression being divergent [3.5]. Therefore, an alternative solution 

employing a vector potential is preferred and the integral in 

equation (3.18a) is replaced by the equivalent integral. 

AA 

ff fi 2x 2yX Hz ) dS (3.41) 
s 

where 

VV. 8 
m -J(O A+ --- (3.42) m JC*OC 

0 

Am= Co ff jm(r). gm (r/r 
0 

)dS 
0 

(3.43) 
s 

L 
:A 

sit (z + 2) 
gm 

az sin 1- 0 (3.44) L 

Rahmat-Samii [3.6] in the course of his work developed the following 

expression for zz q; 

00 00 EE -r I Z-Z I nicx nxx mny M71Y 
G zz no mo e nm 0 Cos 0 sin -b sin 0 

-2-a--br- a cos -a b n=o m=o rLm 
(3.45) 
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which used in conjunction with equations (3.42) to (3.44) enabled 

equation (3.41) to be solved giving 

for n=o 

- 
jox 

oI W2 , (1 + (1 _ (Lx) 2) (ý) 21 (n, s))}LS + (si) (E-) 2 
ab k2U9 is U 

Ee 
-r rm 

L+k 

x +S) om r 
rim 

3 sic 2 in 2 
M--l rým {1 + (r--) } {1 + 

=L 
(3.46a) 

and for n*o 

-j(oe 00 nx (x + H) nic (x -H) 02 (s in 12 
sin -1 -Tab 

n=l nx aa 

0, C) 2Hb)2 
y(n, s)}LS + (si) (R )2 {1 + (-l) UX is U 

c* E e-r=L) (i +(k2 
1: 

om r. 

_ , (3.4 6b) 
m=o r3+ (rslc L) 

2 Hl + (T i7c 
ro 

rlm nm 

where 
2 

cos b4 k2 (. 29)2 + (En)2 
y(n, s) La 

2_ f(sx)2 + (nn)Z-) + 
-, 

(En) 2, b4 k sin bý k2 {(2-, ) LaLa 
(3.47) 
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The above solution developed by Lyon does not include the 

contribution of the V= constant mode (m7-o, n=o). This must be 

incorporated into the solution to correctly characterise the stored 

energy in the waveguide. In fact, Vu Khac and Carson [3.7) have 

demonstrated from the mathematics, that if this mode is omitted from 

the solution then there arises a small but definite discontinuity in 

Hz in the source free region, which is clearly incorrect. This 

additional mode is produced by a magnetic current source lying in the 

direction of propagation and consequently it is only excited by a 

longitudinal shunt slot. This can be understood qualitatively by 

examining Figure (3.3) which shows the equivalent TEM (TM 
00 

) mode, 

propagating sideways in parallel plate waveguide, coupling to a 

longitudinal slot. It is also suggested in [3.7] that the reason why 

this mode has been neglected in the past is probably because the 

stored energy for a longitudinal slot has usually been calculated 

from a transverse slot [2.31 which does not excite this mode. 

An additional tem must be incorporated into the above solution to 

account for this mode and this can be evaluated as follows: -the H 

field component of the iVo mode for a slot of infinite length is given 

by the last term of equation (27) in [3.8]. That is 

A 

a 
zAA Hz 1,10 J(*o sc 

fc (n x E) 
z 

dC (3.48) 

where C is the contour and Sc is the cross sectional area of the 

waveguide. Howevert for a slot of finite length the surface magnetic 

current (n x E) , which is not unif orm, must be averaged over its 

length to permit evaluation of the integral. 
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-w «-1) s- 1) 
Z IVO «m Ato ab sn 

(3.49) 

This is then substituted into equation (3.41) and after a little 

manipulation the required term is f ound to be: 

_W2 L (1- (-1) 1) 
(3.50) 

j41 
0 ab si 1C2 

3.3.4 CONTRIBUTION OF INCIDENT FIELD 

Before determining vectors a and b the contribution of the incident 

fields must be evaluated, this is given by: 

A 

h ff fi ýz . Ig x Hi(E)} dS 
s 

(3.51) 

which depends on the slot orientation. The incident fields. are given 

by 

x- 
ip 

9z" JW ý sin 1- e (3.52) 
0a 8y 

RX -jp 9z" 
sin j- eAx (3.53) 

+ 7c x- 
ip z" 

'00 cos 1egA (3.54) 

-1 
where (kZ 

09 ab) 
2 

(3.55) 

- 37 - 



Substituting equations (3.52), (3.53) and (3.54) into equation (3.51) 

gives, for a transverse slot 

2jý cy(i, l) sin 
5gw 

(3.56) 
2 

where cy(i,, 1) is defined in equation (3.37). 

For a longitudinal slot 

w 
7c (X 

1+ Y) x (X 
i- ý) 

[sin 
a- sin -aI 

in 2 cos Pýi odd 
xL2 (3.57) 2 

p2L 
g 

2j sin 021 even g2 

3.4 SUMMARY OF MATRIX ENTRIES 

All the components of the matrix have now been defined so it is 

possible to determine the transverse electric f ields on both the 

upper and lower surfaces of the slot by matrix manipulation and hence 

evaluate the transmission and reflection coefficients of the slot. 

However, before proceeding it is beneficial to pause for a moment and 

summarise the equations in each sub-matrix 

Ai, 
s = Eqn (3.36) or (Eqn (3.46) + Eqn (3.50)) + Eqn (3.33a) 

Bi's = Eqn (3.21) + Eqn (3.22) + Eqn (3.33b) 

Eqn (3.33c) (3.58) 
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D its "' - Eqn (3.33c) 

hi= Eqn (3.54) or Eqn (3.57). 

3.5 CALCULATION OF TRANSMISSION AND REFLECTION COEFFICIENTS 

The scattering fields for the aperture must initially be calculated 

to enable the transmission and reflection coefficients to be 

determined. The tangential field on the inner surface of the slot is 

given by: 

ANA 

nxE1: as fs a4 (3.59) 
S=l 

where 

s7c + 1) 

fs = sin -2L<< (3.60) L22 

and when this is substituted back into equation (3.6) and evaluated 

for the dominant mode of the appropriate Green's function then the 

scattering fields may be determined. The scattering parameters can 

then be obtained without difficulty. For the transverse slot, 

A 10 
ý2- 9N 

S 11 a- sin (og Easa (st 1) (3.61) 
S=l 

S1-S (3.62) 21 '2 11 

where A 
nm and a (i, n) are defined in equations (3.35) and (3.37) 

respectively, and for the longitudinal slot, 
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(x + 2) x (x -ý) 
s 10 (si 1s in- 12 

J42a aa 

sn 2cos s odd NLg2 
xE (a (3.63) 

S=l 22 2jsin s even Lgg2 

(-1)1 s 21 'o 11 

3.6 DISCUSSION ON TECHNIQUE 

(3.64) 

A moment method solution to the integral equations (3.7a and b) for 

the transverse and longitudinal slots radiating through the broadwall 

of rectangular waveguide is presented, based on the work of Lyon 

[3.11. The constant mode is Incorporated into the solution and 

computed results are presented in Figure (3.4) and Figure (3.5). In 

Figure (3.4) the resonant length of a square ended longitudinal slot 

is illustrated as a function of offset from the guide centre line. 

The results suggest that the resonant length is under-estimated by 

approximately 3% when this mode is ignored and this is confirmed by 

experimental data [2.281 on square ended longitudinal slots. The 

normalised power radiated is plotted against slot length in Figure 

(3.5) which also clearly shows the theoretical shift of resonance due 

to the more accurate prediction of the stored energy in the 

waveguide. 

There is, however, a residual error between the theoretical and 

experimental results in Figure (3.4) which can primarily be 

attributed to the omission of the field enhancement at the edges of 

the slot (see Figure (3.6)). Park in his work on slots presented a 
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set of curves in [2.29] to illustrate the effect of incorporating 

this mode. His results show a reduction in the predicted resonant 

length by approximately 0.5% for low offsets and approximately 0.2% 

for large offsets which almost exactly compensates for the error in 

Figure (3.4). 

Although the solution predicts accurately the slot characteristics it 

is worth mentioning the main shortcomings of the technique. 

(a) The field enhancement at the edge of the slot has been 

omitted as the effect is negligible for slots radiating 

through waveguides of standard wall thickness. Note the 

experimental results shown in Figure (3.3) are for slots 

radiating through a thin walled waveguide (0.1 of standard 

walled thickness). 

(b) The slots used in practice usually exhibit a large length to 

width ratio and therefore the cross-polar or longitudinally 

directed E field component within the slots is so small it 

can safely be ignored [3.9,3.10]. There are nevertheless 

some applications for wide slots and in these instances a 

more complex basis function is required in the analysis 

[3.11]. 

(c) The theoretical solution presented in this chapter has been 

restricted to characterising square ended slots, however, in 

practice such slots are almost never used due to 

manufacturing difficulties. Round ended slots are far more 

common. This gives rise to an additional discrepancy between 
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theory and practice and therefore correction factors, based 

on equal perimeter/area rules, must be employed to compensate 

for this error [3.10,3.12]. 

3.7 CONCLUSION 

The advancement of computers has allowed approximate solutions, such 

as the moment method to be developed, which are able to predict to 

within experimental error the characteristics of a slot radiating 

through the wall of a waveguide. This technique was initially 

limited to the transverse and longitudinal slots as discussed in this 

chapter, howeverl recently the method has been extended to allow a 

slot of any orientation to be analysed [3.131. 

It has also been suggested in (2.791 that the moment method solution 

is capable of characterising a slot with sufficient accuracy to use 

it as an alternative to the measured data currently relied upon for 

the design of slotted waveguide antennas. It is therefore pertinent 

to investigate this further and a purely theoretical computer aided 

design/synthesis package based on this method has been developed and 

is described later on in this thesis. 
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CHAPTER 4 

A STUDY OF SLOT RADIATORS USING THE MOMENT METHOD 

The previous chapter described an effective method of analysing 

longitudinal and transverse slots in the broadwall of a rectangular 

waveguide. This analysis is extended to an axially sectioned slot in 

which the sections may have different lengths to model the round end 

and the field within the sections can be weighted to crudely emulate 

the edge effect. Theoretical results have been presented to enable 

an assessment of the viability of the improved model to be made. The 

contents of this section have been described in reference [4.1] which 

is included in Appendix 3. 

Also it was noted that the predictions obtained from the moment 

method were suf f iciently accurate f or it to f orm the basis of a 

purely theoretical computer aided design/synthesis package for 

slotted waveguide array antennas. However, the efficient 

implementation of such a package can be considerably aided if some 

prior knowledge of the functional relationship between the slot 

scattering, or admittance characteristics and its dimensional 

parameters are available. These relationships have been discussed in 

the literature (2.7,2.8f 2.25,3.11 4.1], for all dimensional 

parameters, except curiously the width parameter. Some limited 

studies of the width have been reported by Putman (4.21 and Crompton 

[4.31 but these apply to an isolated slot in a conducting ground 

plane. These studies show that for slots of this category the 

resonant frequency decreases slowly and almost linearly with width. 

On the basis of a simplistic area or perimeter rule (3-121, this 

result is not unexpected. This kind of behaviour has also been 
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demonstrated by Watson (4.4] in curves which are reproduced in Silver 

[3.91 for a longitudinal offset slot radiator in rectangular 

waveguide. 

Using computations based on the method of moments it is shown that 

this 'expected' resonant frequency versus width relationship does not 

always occur for slots in waveguide, and this is particularly so in 

the case of longitudinal shunt slots which in fact for large offsets 

exhibit an increasing resonant frequency with width. The reasons for 

this reversal of the 'usual' trend are discussed in the latter part 

of this chapter. The contents of this section have been described in 

reference [4.5] along with the experimental results detailed in the 

next chapter. 

4.1 MODIFIED FORMULATION FOR SECTIONED SLOT 

A round end slot can be modelled using the moment method by 

considering that the slot comprises of rectangular slices as 

illustrated, for n=3, in Figure (4.1c). The essence of the 

modification in mathematical terms then lies in calculating the self 

coupling for each section and the mutual coupling between the 

sections. 

Before detailing the development of the mathematicst the algorithm 

for determining the section lengths shall be stated: - 

1. Set the length of the middle section equal to the length of 

the round ended slot. 
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2. Calculate the remaining length by setting the section width 

equal to W/3 and matching the area to that of the round ended 

slot. 

Calculate the length of the equivalent square ended slot 

having the same width (W) and perimeter as the given round 

ended slot. 

From the above, the following fomulae are obtained 

1X 
Length of section 1,3 =L equivalent +(-f - -ý)w (4.1) 

IC Length of section 2L equivalent +(2 - ý)W (4.2) 

In the current analysis the above sectioned slot modification is 

applied to the inner surface of the slot only. The cavity and its 

outer surface are set equal to the length of the middle section. This 

minimises the computation yet provides sufficient evidence to 

demonstrate the effectiveness of this procedure. In principle 

however, the modification should be applied to both inner and outer 

surfaces of the slot 'cavity' and to the cavity itself, in a 'thick' 

wall example. 

4.1.1 TRANSVERSE SLOT 

For the transverse Slot the introduction of a 3-section slot model 

entails some modification to the A sub-matrix of equation (3.17). 

However, only that portion of A i's (equation (3.18a)) which contains 

the waveguide Green's function is involved. It is reproduced below: 
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Coe 0 
ff fi ff GaXfs dS 

0 
dS (4.3) 

ss 

where G xx is the x component of 9. 
aa 

In the conventional analysis this component of A i's describes the 

self coupling, whereas for a 3-slot model the modification must 

include all three self coupling terms and the six mutual coupling 

tems. Hence, this tem must be expanded to: - 

33 
EZ J(oeo ff fi ff 

aX 
fs dSodS (4.4) 

p=l q--l s 
piq s 

piq 

The evaluation of the integrals in term (4.4) largely follows the 

procedure described in reference 13.1] and therefore the solution is 

simply outlined below with a full description of the mathematics 

being restricted to the Appendices. 

On substituting fi, f. and 9a (r/r 
0) 

into the integral expression 

(4-4) we obtain 

33j we z+w1x+P it (x -x E 1: -20fp T- f12 sin 0L 
p=l q--l kc ab z-w1x- 

LP p 
12 

z+w 
xfqF 

Zq- w1 
2 

n=l m=O 

L 

f12 sin 
L 

-1 2q 

c Om e 
-rnm'Z-Zol 

s7c (x -x+ 
Lq) 

012 
Lq 
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rlm 22 nicx n7cx 0 I sin - sin xr (A -a 2aba 
rim 

mny 
Cos 

r=y O)dxodz dxdz (4.5) x Cos -b 0 

where W1= W/3 

Lp jL q 
is the section slot length dependent on p and q 

zpFzq are the respective displacements from the centre 

of the slot to the centre of the sections 

and 1 for J0 
EOj = 

2 for j0 

The integral breaks down into three sections 

1. The self coupling term for the middle section. 

2. The self coupling terms of the outer sections. 

3. The mutual coupling terms. 

The solution for the self coupling term for the middle section can be 

reduced to 

2Jcoe 
0 00 e 

-r nO 
w1-1 

r2 1: CY (i , n) a (s , n) (U 
nW1++2 no n=l 

rnO 

co nm 1 
x (t) 3 (11 +I)+1: e (4.6) 

71 2 P3 
23 

n Pn M-- 1r 
rim 
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where 

a(i, n) = 

and 

2L 
aix nxxi 

sin a 
a2 

2 Cos-li- 
I 

L 1/2 
Cos 

nlcxl 
a 

'i 
a 

2L 
nix in 

_ cos ain sin-a 
1a0 

, _(% 
22 

1-2 
nix L (-l) 2 

sin-j 
1a 

L12 

nL 
ia 

'Pn Cos 'Pn 
n sin RPn 

n np cosh ap nnn> 
sinh nPn 

(k) 2 (n) 2 
Xa 

and L is the length of the middle section. 

i even 

i odd 

Solving for the self coupling term of the outer section gives 

Jcüc oo 00 mit 2 -r. z1 

Om _ _b) 
Je a(in) cy(sln) F. [1- (r- b 

n=l m--0 nm 

(4.7) 

(4.8) 

(4.9) 

(4.10) 
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[z, (e-'ýmwl- 1) + W, + (e-rnrtPl_ Ul 

where Z1 is the magnitude of the displacement from the centre line to 

the centre of the outer section. 

Note: The length used is now that of the outer section. 

Solving for the mutual coupling term produces 

joe 0 00 
(; (iln)a(sln) j2 -ab r r-b 

om 

c n=l lw-0 rim ra 

x [2e-rnmZ - e-r nm 
(Z+wl) 

- e-rrm 
(Z-W 1) 1 (4.12) 

where Z is the displacement between the appropriate sections. 

Note: The lengths used in a(i, n) and (Y(s, n) may differ depending on 

which sections are coupling. 

4.1.2 LONGITUDINAL SLOT 

For the longitudinal slot geometry the field solutions require to 

satisfy the Maxwell divergence relation for H and this calls for a 

slightly different treatment. Equation (3.41) gives the mathematical 

relationships describing the self-coupling processes within a single 

Ue individual) slot. For a sectioned slot comprising of three equal 

width elements this term can be re-expressed as 
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33AA 
ff fi Ax RX Hz )ds (4.13) 

p=l q--i S 
p, q 

y p, q 

where 

-J(ýA m+ J(*o E0 
(4.14) 

Am= Co ff jm(r). Gm (r/ro)dSo (4.15) 

s 
plq 

sn (Z +L 

-jz sin o Y). 
) (4.16) L 

and 

a* co eoneom -r iz-z i n7cx nnx mny mny 0 Gm 2 abF e nm 0 cos a cosýý sin -b sin-6-- a n=o m--o rLm 

(4.17) 

The integrals in term (4.13) can be evaluated following procedures 

previously detailed in reference (3.1] and once more the solution 

will be simply outlined below with a full mathematical description 

being restricted to the appendices. 

The integrals involved in expression (4.13) are conveniently divided 

into two types; those associated with the self coupling terms and the 

mutual coupling terms for sections of equal length, and those 

associated with the mutual coupling terms for sections of unequal 

length. 
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In the former case, the integral (4.13) may be solved in conjunction 

with (4.14) to (4.17) to give, after some mathematics, terms of the 

following f om: 

for n= 

J(Eo 
IW2 { (L + (1 2) (t) 21 (n, s))}LS + (si) 2 

ab 1k2U Ic is U 

-r Lk2 

+S) 00 eom(l- (-l) e nm (1 + (rrm) 

s7c 2 is 2 M--l ++ 

(4.18a) 

and for n* 

-jax 00 11 

2ab 
0 1: [(A-) 2 (sin 

nx(x a+ sin 
nx(x a 

n=l nic aa 

nir (x +w1) nit (x 
w1) 

(sin b2- 
sin b2 (4.18b) aa 

(171)2)(t)2 y(n, s)IL8 + (si) (E-) 2 (1 + (-l) U 71 is U 

e 
-r rML ) [i +(k)2) cc om ran 

M-0 r3 
rm +( sit )2)11 +( iic 2 

r 
rm 

-L r. -) ) 

where 
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-S cos b 
ýk 2 

4.2} 
(n, s) =a 

b4 k2 (sx) 2+ tn7c) 2} 
sin b 

fk2 
_ j(RX)2 + tnIE)2} LaLa 

and x at xb are the offsets for the sections in question. 

In the latter case equation (4.13) is solved with different limits of 

integration due to the differing section lengths, and produces terms 

which are typically of the form: 

for n= 

2 
2(aL Lb 

-jcoe o W2 s912+ sin Tb- 1[ 
11 (i 

La 
)21La S Lb 

sic ( 
La 

- 
Lb) 

- sin 
221+ (t) 2 (s7c 2 (n, s) La 7- Ic Ua 

(s K2 E [1 +( 
rm 

)2 
+i om k 

A 
M-- 1 rnm S" 

Trn-- + (ýunLa) ]+( 
mLb 

La_ Lb La 
+ 

Lb) 

x[ (e 
-r = 

(ý- 7-)- 
(-l) i 

e-ý= 
22) 

_Iým (La + 
ý2) 

rm (La _ 
Lb) 

- (-I)S (e 22- (-l) i 
e- 

22)II (4.19a) 
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and for n* 

-J(OE nic (x + 
wl) 

nic (x - 
wl) 

0(a)2 (sin a2- sin -a2) -'Ta- b 7, rx aa n=l 

n7E + 
wl) 

nic (xb - 
Wl) 

(sin 
(xb 2- 

sin 
-2 

2( 
iL 2)La 

Lb 

xs2 %Lb ((-l) i 
sin 

sic (T + 

iL 
a) 

2La 
(ý Lb 

(sic )23 y(n, s) Ua 

La Lb 

- sin L2 
a 

Im 
2 

s ix2) 00 E [i + (rn )I 
+(1: om k 

run a 

A 
M=O r 

rm 
5+ (rslcL_) 2+ 

,La 
Lb 

r 
rm 

(La + 
Lb) 

(_, )i e- 
22) 

_I, nm 
(La + 

Lb) 
_... 

La 
_ 

Lb) 

- (-1) s (e 22- (_ 1) 1e22) 11 

where L 
at 

Lb are the lengths of the appropriate sections. 

(4.19b) 

The Nf = constant mode must also be included in the complete solution 

for the longitudinal slot. This mode may be modified as follows for 

the sectional slot. 
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-3W 12 (1- (-l) i) (1- (-') ') 
X (L 1+ 2L 2) (4.20) 

ab is7; 2 

Where L1 and L2 are the lengths of the middle section and outer 

section respectively. 

The complete solution for integral expression (4.13) is 

Z tem (4.18) +E tem (4.19) + tem (4.20) (4.21) 

The summation of term (4.18) includes all self coupling terms and 

mutual coupling terms for sections with the same length. The 

sumation of term (4.19) includes all mutual coupling terms for 

differing lengths. 

4.1.3 CONTRIBUTION OF THE INCIDENT FIELD 

The contribution of the incident field remains to be calculated for 

the new slot arrangement, this is given by 

A hi ff fi ýz xHi (r)} dS 

s 

(4.22) 

and depends on the slot orientation. The incident fields are given 

by 

+- jp z" 
E sin lcx egA (4.23) 

y0a -Y 

+I -jp z- 
Hj sin &x- e9A (4.24) 
xa -x 
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+ Ic xx -io 9z" 
z=a Cos reAz (4.25) 

-1 

where (k Z0p9a b) 2 (4.26) 

Substituting equations (4.23), (4.24), (4.25) into equation (4.22) 

gives, for a transverse slot 

3 J09ZD 
h=T, 2jý cr(i, l) sin 

Aqw, 
e- (4.27) i 

D=l 2 

where ZD is the offset from the centre of the slot to the centre of 

the section being summed. 

For a longitudinal slot 

3w 
wl) 

h 1: ý[ sin 
a ýXD + 

sin 
XýXD -2 

D=l aa 

in 

x 
LD 2 cos 0g LD/2 i odd 

(4.28) 
(Lx) 22 
LD9 2j sin 5g LD/2 i even 

where XD is the of f set to the centre line of the section, and LD is 

the length of the section. 

4.1.4 EDGE EFFECT 

The sectioned model may also be employed to simulate the enhanced 

field strengths at the slot edges. A functional relationship for the 

field profile across the slot in the presence of the edge enhancement 
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has been formulated by Park [2.29] and is reproduced below. For 

clarity this function is also illustrated in Figure (4.2) (solid 

curve) . 

w 
1 () - (11) 

(4.29) 

This effect can be incorporated into the model by averaging the above 

function over the n(=3) sections of the slot. The averaged values 

are shown in Figure (4.2) (dashed line). These values are used to 

adjust the self coupling and mutual coupling terms in the moment 

method analysis. 

4.2 DISCUSSION OF RESULTS 

A computer program has been written to accommodate the analysis 

described in the preceding sections which is capable of predicting 

the radiation or scattering characteristics, in S-matrix or 

equivalent circuit form, for any longitudinal or transverse slot in 

the broadwall of rectangular waveguide. The program has been used to 

generate theoretical results, firstly, to assess the viability of the 

sectioned slot and secondly, to develop an understanding of the 

relationship between the slot scattering and the width parameter. 

The latter study has been restricted to the longitudinal slot due to 

its application to array antennas. 

4.2.1 SECTIONED SLOT 

The sectioned slot has been assessed by examining two particularly 

interesting casesl namely the resonance behaviour of a longitudinal 
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slot as a function of its offset from the waveguide centre line and 

the power radiated by a transverse slot as a function of its length. 

In Figure (4.3) computer predictions are presented of the resonant 

length of a square ended longitudinal slot as a function of its 

offset from the guide centre line. Two cases are presented, namely a 

conventional result and a sectioned result. Both cases use three 

trignometric basis functions. It can be seen that for the square 

ended slot example sectioning has very little effect on the computed 

results. Clearly, therefore, there is little to be gained by 

sectioning for square ended slots. Both curves show a deviation of 

at worst approximately 1% from the measured results of Stern and 

Elliott [2.281. 

However, in practical slotted waveguide antennas square ended slots 

are almost never used. Round ended slots are much more common. It 

is pertinentr therefore, to attempt to model the round ended slots as 

discussed earlier and some results from this modelling are shown in 

Figure (4.4). This figure also contains some measured results due to 

Stegen [4.61 to assist in the assessment of the computer predictions. 

Two theoretical cases are shown each of which is intended to model 

the Stegen experiment. These aret firstly a square ended slot model 

and secondly a three sectioned slot model. The figure clearly 

demonstrates that the sectioned slot provides an improvement of 

approximately 1% on the conventional square ended model for small 

offsets. However, at approximately 6 mm offset the model breaks down 

and the theoretical curves cross with the solution for the 

conventional slot shifting closer to the Stegen result. This 
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crossover can be attributed to the crudeness of the model with the 

sectioning being applied to only the inner surface of the slot. 

Further evidence that slot sectioning, even when very coarser can 

improve agreement between theory and experiment for round ended slots 

is illustrated in Figure (4.5). Here models which are intended to 

represent a round ended transverse slot in the broadwall of 

rectangular waveguide are examined. Firstly, a simple square ended 

slot model equal in length to the round ended slot, which it is 

intended to representr provides an over estimate of the power 

radiated by such a slot. The lowest curve provides a lower limit to 

power radiated being that of an equivalent length (perimeter rule) 

square ended slot which is known to under-estimate the radiation 

strength of its round ended counterpart. The three sectioned slot 

model predicts radiation strengths for the round ended slot which lie 

nicely between these limiting cases up to resonance confirming 

sectioning can provide some improvement in accuracy for the moment 

method. The model breaks down at resonance and this can once again 

be attributed to its crudeness. 

The edge effect has also been incorporated into the sectioned model 

and results for the transverse and longitudinal slots are presented 

in Figures (4.5) and (4.6) respectively. Unfortunately it is 

virtually impossible to distinguish between the results which 

demonstrates that this model is too simplistic to accurately predict 

the effect of the enhanced fields at the edges of the slots. 
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4.2.2 WIDTH PARAMETER 

Preliminary theoretical studies of the influence of the slot width on 

the resonant length of longitudinal offset slots were carried out 

using simple trignometric basis functions. This choice of basis 

function is adequate provided the field enhancement within the slot 

due to the edge effect is not significant. This assumption is 

reasonable if the waveguide wall is not too thin (ie less than 0.05a 

where a is the guide width) otherwise a more complex basis function 

must be adopted [3.11]. The width to length ratio has also been 

restricted to values for which any cross-polar component within the 

slot can safely be neglected [3.9,3.10]. 

In Figure (4.7) coinputer predictions are presented of the resonant 

length of a conventional square ended longitudinal slot as a function 

of offset from the waveguide centre line. Three cases are presented 

each using-three trignometric basis functions. It can be seen for 

offsets in excess of 5 mm the resonant length becomes an increasing 

function of slot width whereas it is a decreasing function of width 

for small offsets. The curves also show that over the Stegen offset 

range (2 to 6 mm) the computed results differ from that of the 

typical slot (W = 1.5875 mm) by at most 1%, even for relatively wide 

slots for which W=2.5 mm. 

To understand how this contrasting resonant behaviour comes about, 

reference must be made to the susceptance characteristics of such 

slots. This is illustrated in Figure (4.8) in which shunt slot 

susceptance is plotted against slot length for two particular 

offsets, namely 4 mm and 8 rmn. The lower set of curves (4 mm) show 

largely the same trends as some familiar susceptance curves produced 
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by Watson. In particular they show that for small offsets shunt 

slots display a region where susceptance is almost independent of 

width and this region is in the negative susceptance range. By 

contrast for a large offset (8 mm) this region of width independent 

susceptance moves into the positive susceptance range. It is this 

movement of the width independent region which results in the 

contrasting resonant frequency behaviour described earlier. 

Susceptance has also been plotted as a function of offset in Figures 

(4.9) and (4.10) for two slot examples. In Figure (4.9) a 15.8 mm 

slot which resonates at a large offset has been chosen, while in 

Figure (4.10) a 15.3 mm slot is employed to ensure resonance occurs 

at a small offset. In both cases comparison is made between a 1.5875 

mm. and a 2.5 mm, wide slot. Resonance occurs when the total 

susceptance crosses the zero axis and the figures show that this 

coincides with balancing of the parts of susceptance associated with 

energy storage within the guide and the part associated with storage 

of energy within the slot itself and on its outer surface. When 

these partial susceptances are compared between the two figures it is 

noticeable that while the inner surface susceptance differs only 

slightly, the cavity plus outer surface susceptance curves are 

markedly different in form with a reversal of the order of curves. 

Also for the shorter slot (Figure (4.10)) the susceptance of the 

cavity and the outer surface is much more sensitive to width. Both 

of these factors contribute to the differing resonance 

characteristics which the two slots exhibit. 

Figures (4.11) to (4.14) demonstrate very similar behaviour for a 

shunt slot located in a 'thin walled' waveguide, namely 0.127 mm. 
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The extent of the comparison between thick and thin walled examples 

suggests that storage of energy in the vicinity of the slot is not 

too sensitive to wall thickness. However, this observation is made 

in the knowledge that field enhancement at the slot edges has not 

been incorporated into the model. 

The second phenomenon observed is the bandwidth improvement. This is 

illustrated in Figures (4.15) and (4.16) where the normalised power 

radiated is plotted as a function of slot length. Two sets of 

results are presented to demonstrate this effect for contrasting 

values of slot offset. For slots which are at, or close to, 

resonance the width variation is seen to have little effect on the 

power radiated. However, for slots off resonance the effect is 

significant with the wider slot having a flatter response. It is 

this flattening of response which gives rise to the bandwidth 

improvement. 

4.3 CONCLUSION 

The moment method of analysis of radiating slots in rectangular 

waveguide has conventionally been applied to square ended slots. 

This analysis has been extended to round ended slots by employing 

slot sectioning on the inner surface of the slot. The slot cavity 

and outer surface are adjusted to accormnodate this modification. This 

technique is clearly more demanding in computational terms but not 

excessively so if trignometric basis functions are employed. 

Improvements in accuracy of the order of 1% are observed for the 

predicted resonant length of longitudinal slots with low offsets. 

However, the model breaks down under certain conditions due to its 

simplicity. Unfortunately any attempt to increase the sophistication 
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of the model by for example applying sectioning to the cavity and 

outer surface of the slot and/or incorporating more than three 

sections leads to dramatic increases in computational effort which 

are difficult to justify. 

The moment method analysis for conventional slots has also been used 

to examine the resonant characteristics of shunt slots exhibiting 

width to length ratios in the range of 0.1 < W/L < 0.25. Such slots 

are used to achieve improved bandwidth performance and/or power 

handling capacity for longitudinal shunt slot arrays. 

The computations indicate that the relationship between resonant 

length and slot width differs markedly for slots which are close to 

the centre of the waveguide and those nearer the side wall. This 

difference in behaviour has been discussed and explained in terms of 

changes in slot susceptance. 
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A Craph of the Relative Magnitude of the Field 
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CHAPTER 5 

EXPERIMENTAL CONFIRMATION OF WIDTH DEPENDENT 

CHARACTERISTICS OF A LONGITUDINAL SLOT 

The theoretical study based on the method of moments in the preceding 

chapter has produced data on the functional relationship between the 

resonant length and the width parameter of a longitudinal shunt slot. 

The measurements described in this chapter confirm the predicted 

relationship and once more demonstrate the suitability of this 

analysis technique for CAD work. 

Unfortunately, the traditional measurement techniques are unable to 

provide the experimental data for longitudinal slots over the 

required offset range. Therefore, a new measurement technique has 

been developed using a precision waveguide bridge in conjunction with 

an r. f. source synchronised to an accurate frequency counter. 

However, before discussing this set-up in detail, it is worth 

digressing slightly and outlining the techniques currently available. 

5.1 COMPARISON OF MEASUREMENT TECHNIQUES 

There are three measurement techniques available to characterise 

slots in waveguides. The simplest of these measures the transmission 

and reflection coefficients of the slotted waveguide section using 

the arrangements illustrated in Figures (5.1) and (5.2) respectively. 

This method provides reasonable results for slots which couple 

strongly to the incident fields. However, if the slot coupling drops 

below -10 dBs then this technique is difficult to implement as the 

transmission 'and reflection coefficients become virtually 

indistinguishable from one and zero respectively. 
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Watson [4.5] postulated an alternative, more sensitive technique 

which was capable of characterising slots with radiated power levels 

down to approximately -20 dBs. A schematic diagram of this 

measurement system is illustrated in Figure (5.3). This measurement 

involves initially determining the position of the short circuit 

which effectively shorts the slot and pemits no power to radiate. 

The short circuit is then moved X9 /4 and the input VSWR is measured 

which enables the slot to be characterised using transmission line 

theory. 

A third technique based on a resonant cavity has also been reported 

in [5.1] which was later refined by McGrane [5.2]. This technique is 

capable of characterising a slot which radiates power levels down to 

around -30 dBs and operates on the principle that the introduction of 

a slot into a resonant cavity perturbs the IQ' and the resonant 

frequencyr which in turn affects the transmission through the cavity. 

The measurement system has been illustrated in Figure (5.1). Most of 

the components in this figure are self explanatory, however, it is 

worth mentioning the construction of the cavity which comprises of a 

length of waveguide which is resonated between two irises. The slot 

is characterised using this technique by measuring the power coupled 

through the cavity, the change in coupled power (once the slot is 

introduced) and the shift in resonant frequency. Also, the 

transmission characteristics of the irises must be measured over the 

experimental frequency range. Once this data has been collected then 

the scattering parameters of the slot may be evaluated in terms of 

the transmission coefficients of the cavity. A short fortran program 

has been detailed in [5.21 to process these results. 
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McGrane suggests that the length of the waveguide section should be 

approximately ten times the free space wavelength of the lowest 

operating frequency to yield sufficient resonances within the cavity 

to plot a curve of slot coupling against frequency. However, this 

must be lengthened if the resonant frequency of a longitudinal slot 

is to be determined accurately. Even then it is extremely difficult 

to obtain the required accuracy as the experimental data is only 

actually available at the resonant frequencies of the cavity. 

Consequently, interpolation is required to determine the resonant 

frequency of the slot. A second drawback of this technique is its 

inability to characterise slots which are close to resonance 

exhibiting large offsets as most of the power is absorbed in the 

slots. This results in the cavity being damped and consequently, the 

relevant data cannot be measured. 

5.2 WAVEGUIDE BRIDGE TECHNIQUE 

An alternative measurement system has been developed which measures 

the phase and magnitude of the reflection coefficient of a slot in a 

waveguide and is capable of accurately determining the resonant 

frequency of a longitudinal slot of any width and offset. A 

schematic diagram of this measurement system is presented in Figure 

(5.5). As mentioned earlier this uses a precision waveguide bridge 

in conjunction with an r. f. source, which is synchronised to an 

accurate frequency counter to control the input signal to within 10 

kHz. This system operates by splitting the input signal and feeding 

two channels: a test channel and a reference channel. The slotted 

waveguide section is connected to the test channel and terminated in 

a matched load via a three stub tuner which can be adjusted to 

optimise the match at each operating frequency. A variable short 
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circuit is used to terminate the reference channel. This is driven 

by a high precision micrometer to locate the short at a position 

which is electrically equivalent to the centre of the slot. The 

reflected signals from both the slot and the short circuit are then 

processed by a network analyser and the reflection coefficient of the 

slot is displayed on a magnitude/phase meter and a polar display. 

Various steps have been taken to optimise this measurement system. 

For exampler the set-up has been mounted inside an anechoic chamber 

to minimise the back-scattering that occurs when the slot radiates 

and the slotted waveguide section has been embedded in a ground plane 

(27 x 30 cm) which was edged with lossy r. f. absorbent material to 

suppress edge diffraction. Care has also been taken to ensure that 

stable temperature conditions prevail during each measurement. This 

has been achieved by running the system continuously, for several 

hours, prior to performing a measurement. High precision components 

have also been used to enhance the accuracy of this measurement and 

the result is a system that is capable of determining the resonant 

frequency of a slot to an accuracy of better than 0.2%. 

A series of measurements was carried out on various round end slots 

cut in standard X-band waveguide. However, before discussing the 

results it is worth detailing the experimental procedure. The set-up 

was initially calibrated with the test channel terminated in a fixed 

short circuit and the reference channel in a variable short circuit. 

Care was taken to ensure that any differences in electrical length 

between the two channels over the operating frequency range were 

determined and compensated for. These differences were 

quantitatively determined by adjusting the variable short circuit 
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until the two signals entering the network analyser were identical 

and the bridge balanced. This was repeated for each operating 

frequency and the short circuit position was recorded. The set-up 

was then re-arranged and the slotted waveguide section was connected 

to the test channel and terminated in a matched load via a stub 

tuner. An additional section of waveguide was introduced into the 

reference channel and the short circuit was adjusted to locate it at 

exactly the same electrical position as the centre of the slot. The 

precision insert, which was manufactured to short the slot on the 

inner surface of the waveguide, was then placed in the slot and the 

stub tuner was adjusted to optimise the match. On removal of the 

insert the reflection coefficient was displayed on the network 

analyser and if the imaginary component was not equal to zero then 

the operating frequency, and consequently, the short circuit and the 

stub tuner were adjusted until the resonant frequency was found. 

5.3 EXPERIMENTAL RESULTS 

The measured results for W-1.6 m, obtained using the technique 

described above, extends the Stegen curve (4.61 to an offset of 9.51 

mm. It is important to note that the measurement system determines 

the frequency of resonance of a slot cut to a pre-determined size and 

therefore the resonant frequency may differ slightly from the desired 

Stegen value of 9.375 GHz. 

SLOT OFFSET WIDTH LENGTH AVERAGED F 

(rm) (rmn) (mm) (GH z) 

1 1.94 2.56 15.27 9.421 

2 2.00 1.54 15.49 9.399 

Ir 
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3 5.79 1.58 16.83 9.027 

4 7.85 2.06 16.60 9.396 

5 8.02 1.60 16.76 9.166 

6 8.09 2.53 16.68 9.409 

7 9.51 1.57 16.64 9.107 

Table (5.1) 

Physical Parameters And Resonant Frequencies 

Of Round Ended Longitudinal Slots. 

The deviations in frequency and slot width are quite apparent in 

Table (5.1) and the moment method has been employed to quantify the 

errors associated with these. The errors have been evaluated by 

determining the theoretical resonant lengths of each slot for the 

frequencies and slot widths tabulated above and also for Stegen's 

frequency (9.375 GHz) and width (1.5875 rnm) where applicable. The 

differences between the normalised resonant lengths were then taken 

and used to estimate the errors. It should be noted that the 

calculations were actually carried out for square ended slots, 

however, it has been assumed that they provide a good estimation of 

the errors for the corresponding round ended slots. The results have 

been tabulated in Table (5.2) and these suggest that the error 

associated with the frequency and width deviations are small. 
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2L 2L 
SLOT T Actual Freq. 

0 
T Stegenfs Freq. 

0 
Deviation 

1 0.936 0.937 0.001 

2 0.949 0.948 -0.001 

3 0.995 0.988 -0.007 

4 1.003 1.004 0.001 

5 1.008 1.001 -0.007 

6 1.006 1.008 0.002 

7 1.004 0.995 -0.009 

Table (5.2) 

Estimated Error In Normalised Resonant Length 

Note: The above estimates are for equivalent square ended slots. 

The measured results are presented in Figure (5.6) where they are 

compared with Stegen's experimental results and corrected moment 

method predictions. The moment nethod results have been corrected 

using an equal area rule, which was developed by Josefsson [3.181 for 

slots with a W/L ratio of 0.1, to compensate for the square ends of 

the theoretical slots. 

For large offsets > 6.0 mm the moment method computations suggest 

that the resonant length of a shunt slot continues to increase as the 

offset is enlarged up to approximately 8.0 mm, whereupon it decreases 

until the slot meets the side wall. It is clear from the figure that 

the measured results are in good agreement with the theoretical 

predictions. There is however a discrepancy between the measured 

- 69 - 



results and Stegen's results. Stegen's suggest the resonant length 

increases more slowly for offsets in excess of 5 mm, whereas Figure 

(5-6) shows the length increasing steadily up to 8 mm which is 

consistent with the results reported by Stern and Elliott in [3.151. 

The reason for the difference can be attributed to the limited offset 

range Stegen employedf and to a possible error in his last measured 

point giving rise to the observed discrepancy. 

Also shown in Figure (5.6) are three measured points for wider than 

Inormall shunt slots. These show that for a large offset (8 mm) the 

resonant length of a shunt slot increases with width and for a small 

offset (2 mm) the length decreases with width as predicted by the 

moment method computations. However the measured change in resonant 

length with increasing width is somewhat larger than the theoretical 

estimate (Figure (5.7)). This difference can mainly be attributed to 

the fact that the measured slots were round ended while the theory 

applies to square ended slots. The W/L ratios for these slots are 

too large to accommodate the Josefsson [3.18] correction. 

5.4 CONCLUSION 

An experimental technique has been detailed in this chapter which is 

able to provide extremely accurate measured data on the resonant 

frequency of a longitudinal slot radiating through the broadwall of a 

rectangular waveguide. The measured results obtained confirm that 

the method of moments correctly predicts the functional relationship 

between the slot scattering and the width parameter. Therefore this 

method may be employed to characterise square ended slots exhibiting 

a W/L ratio of up to 0.25 with some confidence. 
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CHAPTER 6 

THE DEVELOPMENT OF A PURELY THEORETICAL DESIGN/SYNTHESIS 

CAD PACKAGE FOR SLOTTED WAVEGUIDE ARRAYS 

Design methods for slotted waveguide array antennas have been 

evolving since the Second World War. The early developments were 

largely aimed at understanding and formulating methods for 

calculating the scattering characteristics of individual apertures in 

waveguide. This has progressed until solutions such as the moment 

method described in chapter 3, have evolved which can predict 

accurately experimental results, for commonly used slot examples. In 

parallel with these aperture investigations, effort has also been 

directed towards evolving procedures for forming arrays of such 

apertures [2.631 2-79j 3.91 4.41 6.1t 6.2] and in particular at 

methods accomodating the mutual effect [2.76] which is important for 

low side lobe level design. The outcome of this work has been the 

formulation of a relatively sophisticated synthesis procedure for 

slotted waveguide array antennas [2.79]. 

However, the synthesis techniques referred to above, which require 

that the self admittances of the individual slots in the array be 

known to a high degree of accuracy, have generally been implemented 

using measured data for the self admittances. Thisp of courset 

implies that it is only possible to synthesis arrays for which 

measured results are available for the constituent slot radiators. 

This is an unnecessary restriction as modern high speed computers 

permit the incorporation of the moment method solution into such 

synthesis procedures to provide accurate theoretical data on the self 
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admittances of the individual slots. This chapter details the 

development of a purely theoretical synthesis procedure. 

6.1 SYNTHESIS OF SLOTTED WAVEGUIDE ARRAY ANTENNA 

The synthesis procedure described in this section is based to a large 

extent on the method described by Elliott and Kurtz (2.79] but it 

incorporates a number of essential modifications to accommodate the 

inclusion of the moment method which has been introduced to compute 

the self admittances of the individual apertures. Without these 

modifications the resultant Computer Aided Design package would 

require excessive computer processing time. 

The procedure has initially been limited to the design of a uniform 

linear travelling wave array comprising of longitudinal shunt slots. 

The required excitation levels of the array elementsy to meet the 

prescribed far field pattern, are determined using a standard 

technique. Such techniques are available in the literature [6.3, 

6.4f 6.5] and exhibit varying degrees of sophistication depending on 

the pattern constraints and array geometry. However, for the purpose 

of demonstrating the principle of slotted waveguide array synthesis 

using the moment methodt a relatively simple far field pattern is 

assumed which can be represented by a Dolph-Chebyshev (2.391 

function. The Schelkunoff [2.381 unit circle technique is used in 

conjunction with this function to determine the number of slots 

required to satisfy the specification. The array factor is then 

deduced from the roots, and hence the active scattering parameters 
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for each slot can be evaluated. These parameters accomodate both 

the self effect for any given slot and the mutual effect of its 

neighbours. 

In traditional slotted waveguide array synthesis programs, the self 

effect, which is usually presented as a self admittance value, is 

extracted from measured data. Whereas here, the measured data is 

replaced by theoretical values, obtained using the method of moments, 

which are computed as and when the synthesis program requires them. 

Consequently, the program contains essentially three components, 

namely the formulation of the active admittances of the slots, the 

calculation of the mutual admittances and finally the calculation of 

the self admittances. The techniques employed to determine the 

respective values are detailed in the following three sections. 

6.2 ACTIVE ADMITTANCE 

The active admittances of the elements in the array may be determined 

in a straightforward manner once the array factor is defined. This 

factor relates the far field pattern to the element excitations and 

typically takes the following form for a n-element array. 

f(V) = 11 CjeJV +c2e j21V 
..... C 

n- le 
j (n- 1) IV3 (6.1) 

where 

V= [pd cos ý+ a] 

cc is the progressive phase shift between elements 

0 is the phase constant Rx/k ) 
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d is the element spacing 

is the angle relative to the array 

C 
n-l's 

the coefficient of the n 
th 

element. 

The roots of this polynomial are determined from the Dolph-Chebyshev 

solution using the following relationships: 

(-1) n cosh(n cosh- 
llxl) 

x< -1 

n 
(x) cos (n cos x) lxl <1 (6.2) 

cosh(n cos x) x>1 

where 

n is the number of roots 

x=x0 cos(V/2) 

xo = cosh(cosh(SLR) n 
SLR is the side lobe ratio. 

Once the array f actor is generated then the active admittances may be 

determined by realising that the weighting of the coefficients is the 

same as the weighting of the slot voltages across the array. The 

equivalent circuit for a travelling wave array is illustrated in 

Figure (6.1) where YL is the load admittance, and Y1 to YN are the 

respective slot admittances. 

The admittance values are determined by applying power conservation 

which enables the following equations to be generated. 
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)2A2=A2 (6.3) lPnl n n+l 

222A2 (6.4) 'Pnl (1 - 'Pnl) )n "2 Pn 

where 

Pn is the reflection coefficients of the n 
th 

slot. 

An is the amplitude of the incident signal of the n 
th 

section. 

Pn is the power radiated through the n th aperture, as 

dictated by the array factor. 

These equations permit the reflection coefficient of each element to 

be evaluated once the power dissipated in the load is defined. 

Consequentlyr if the scattering levels at each slot are small, as 

they are except for very short arrays, then the active admittances 

are given by: 

yA -2 Pn 
n1 "'> Pn (6.5) 

The calculation is iterated for varying amounts of power dissipated 

in the load and the admittances are recalculated using the above 

formula until an acceptable input match is obtained. These 

admittance values comprise of both a self scattering effect and a 

mutual effect. The relationship between these components has been 

developed by Elliott and Kurtz in [2.79) and has the following form: 
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NV 
yA =y+my nn mn m7-1 Vn 

m*n 

where 

YA is the active admittance n 

yn is the self admittance 

% is the mode voltage of the mth slot 

Vn is the mode voltage of the n th slot 

(6.6) 

YIrm is the mutual impedance between the m and n th slots. 

To help enunciate this relationship Das' [2.70] pictorial 

representation of the equivalent impedance form of equation (6.6) has 

been reproduced in Figure (6.2) along with the equivalent admittance 

circuit in Figure (6.3). These figures clearly illustrate how the 

components interact and equation (6.6) may be generated using simple 

circuit theory. 

The mode voltages used in this expression are calculated from 

transmission line theory which produces the following relationships: 

n= Vn+l (cos Od +J Yn+l sin Pd) 

where 

(6.7) op 
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y 
n+2 A cos Od +j sin Od 

(6 8) y=y + 
n+l n+l cos Pd +jY n+2 

S in . Pa 

except for the slot nearest the load where 

y 
n+l 

yA +1 ,+ (6.9) 
G0 

6.3 MUTUAL COMPONENT 

The mutual scattering between slots is usually determined by applying 

Babinet's principle 12.71] which equates the slot array to an 

equivalent dipole array. The mutual impedances between the 

equivalent dipoles can then be evaluated using the work of Baker and 

Lagrone [2.761 and these are related to the other scattering 

components using the following expression developed by Elliott [2.801 

which equates the components of equation (6.6) to equivalent dipole 

impedances. 

A Zn =z nn 

s 

mz 
M7-1 Vn s mn 
m*n 

(6.10) 

where 

znA is the active equivalent dipole impedance 

z 
nn 

is the loaded self impedance of the dipole 

zmn is the mutual impedance of the dipoles 

VM S is the slot voltage of the mth slot 
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Vn s is the slot voltage of the nth slot 

Howeverr before this can be implemented an expression relating the 

admittance of a waveguide fed slot to the impedance of an equivalent 

dipole is required. This has been developed in [6.1] and for 

completeness a brief description of the main steps involved in the 

development of this expression will be given; the mathematics will 

not be reproduced as it is well documented by Elliott. 

An initial assumption is made that the waveguide array is embedded in 

an infinite, perfectly conducting ground plane to enable an interim 

two wire fed slotted array to be introduced. The same electric field 

distributions are set up across both arrays and this results in 

identical radiation patterns in half space. However, the admittance 

characteristics are different, as higher order modes scatter off the 

waveguide fed slotj giving rise to an additional susceptance 

component. This component is also dependent on the slot offset from 

the waveguide centre line. The two wire fed slot, thereforer 

requires an additional load to be placed across its terminals to 

correctly model this admittance characteristic. 

The complementary dipole array is now introduced and the complex 

power flow of the three equivalent arrays can be evaluated using 

Booker"s (2-711 relationship. These are equated to ensure that each 

array exhibits the same radiation patterns and admittance 

characteristics. This results in the following expression relating 

the dipole impedance to the waveguide fed slot admittance being 

generated: 
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YA 73 4(a/b) cos 2PL 
n- cos 2kL 

n)2 
nzA0.6lic (P/k) sin 2kL 

n 
n 

icX 
x sin a 

where 

zA is the active impedance of the equivalent n 
th dipole. 

n 
Ln is the length of the n 

th 
slot. 

xn is the slot offset from the guide centre line. 

The above equation may also be used to relate the self admittance of 

a slot to the equivalent loaded dipole impedance by replacing yA and n 
zA by Y and Z respectively. nn nn 

The mutual impedance Z., between a pair of dipoles still remains to 

be calculated and this can be determined using the Induced EMF 

Method. This method assumes a current distribution in the first 

dipole, which induces a potential along the second dipole and hence 

the mutual impedance can be defined as: 

v 21 
21 11 (6.12) 

The following expressions have been developed in (2.76] using this 

technique. 
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L2 

R -30 
2X 

[2 
sin (kr) cos (k-ý) sin kr 

21 U1 
sin 

kL 2 

ýL 

2rr1 
sin - 22 2X 

sin kr 2L2 ] sin(k (T IsIl d (S) (6.13) r2 

2 
cos (kr) cos 

21 22 U 
-30 

U 
2X [2r2 

sin 1 sin 2 
ýL 

2 
2X 

cos kr 1 cos kr 2 L2 
I sin[k(F- - Isl)] d(s) (6.14) r1r21 

where 

'x2 
+ (z + 8) 

2 

r= x2 +++L1) 10 

ýx2++s_ Ll) 2 

The array geometry is illustrated in Figure (6.4). 

The above expressions must be adjusted by the following correction 

factor 

2.4 (0.5 (6.15) 
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to compensate for the difference between the field distribution of a 

dipole and the distribution in a slot as suggested in reference 

(2.82]. This method provides a satisfactory solution without 

resorting to the more complex expressions advocated in (2.811. 

To implement these mutual impedance expressions preliminary knowledge 

of the slot spacings and offsets is required. These initial values 

need not be particularly accurate, so approximate spacings are 

deduced from the array factor and Stevenson's [2.151 resonant 

conductance formula is used to provide trial offsets for the shunt 

slot array with the lengths all set to X/2. 

2.09 2A 
sin 

2 (") -Fb cos (-2K) 
a 9 

(6.16) 

The self scattering may now be evaluated. However, before proceeding 

it is worth noting that the internal mutual coupling has been omitted 

from the solution as its effect is known to be negligible in full 

height waveguide [2.691. 

6.4 SELF ADMITTANCE 

The self admittance values of the waveguide fed slots may be 

evaluated either as slot admittances using equation (6.6) or as 

equivalent dipole impedances using equation (6.10). Both methods 

will be addressed here. 

Firstly, consider the method using slot admittances. Equation (6.6) 

requires the dipole mutual impedance to be transformed to equivalent 
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slot admittances. This is achieved by partitioning equation (6.11) 

as detailed in [6.61 to give: 

2z2 Y; 
n mn 

7n' Ym' Znn Zrmn 
(6.17) 

where Y' can be related to Y using the following relationship n self 
along with equation (6.11) 

4(a/b) cos 20L 
n- cos RL 

n2 7cx 2 
)s in (-!! ) 

Y, - 
0.61x(P/k) sin RL 

na (6.18) 
n-N 

)2/ (Z nn 
/7 3) -I (Zmn /73 (Zim/73) 

M-- 1 

Note: The m--n tem is not included in the above summation. 

The physical relationship between Y' and Y has been defined in 
n self 

[2.79]. Y' is the self admittance of the n 
th 

slot with theoretical n 
short circuits placed ). 

9 away from the centre of the neighbouring 

slots and Y 
self 

is simply the self admittance of the n 
th 

slot with 

no other slots present. 

The self admittances of the individual slots may now be evaluated 

using equations (6.6), (6.11), (6.17) and (6.18). 

The second method is slightly more elegant and is based on equation 

(6.10). The active admittances of the slots are initially 

transformed to equivalent dipole impedances which are in turn 

substituted along with the appropriate mutual impedances into 

equation (6.10) to give the self impedance values. These values are 
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then transformed to equivalent slot admittances using equation (6.11) 

and (6.18) . 

The latter method is computationally more efficient and it helps the 

synthesis procedure converge more rapidly on a stable solution. 

Therefore this method has been preferred and is incorporated into the 

synthesis program. However, for the first pass through the program a 

simpler technique is employed and equation (6.6) is used along with 

the approximation presented below to provide a fast approximate 

solution for the self admittances. 

yA Z 
Ymn =73 rrm (6.19) 

Once a set of self admittances for the slot array has been determined 

the new slot lengths (L 
n) and slot offsets (X 

n) can then be deduced 

using a two stage process. This involves the variational method 

[2-31, which generates rapidly calculable closed-form solutions 

followed by the use of the moment method solution. This two stage 

approach is dictated by the need to include the moment method into a 

corrected Gauss-Newton root-finding routine which searches for the 

slot length and slot offset appropriate to any given value of self 

admittance. In order that this process should not be excessively 

demanding in computing time in a multi-slot array design, it is 

imperative that 'good' trial values for slot length and slot offset 

are available. 

For the first pass through the program sufficiently 'good' trial 

values for Ln and Xn can be computed relatively quickly using the 
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closed-form variational equations for the first two slots. These 

have been corrected for wall thickness using reference (2.321. The 

procedure adopted in the program, first converts the self admittances 

to equivalent impedances, as this is a more convenient form for the 

variational technique. Then the offset term Xn is eliminated from 

the resistive expression and a bisectional root-finding routine is 

used to determine the appropriate slot lengths with the offsets being 

evaluated by substitution. The equations used are as follows: 

8na3 b 2L 22L2L42 

R= 3X3, [l - (r-) 1 [l - 0.374(1-) + 0.130(Z-) ) CT 

-9 cr 

(1 ICL ) 

ICL 2L 2 
cos (1 - (v-) )2 2 2a 2a cr x (T-) x (6.20) 

9 cos i 
AL (1 - (1) ) 

a 9 

IIL 2221 

2a 2 Cosra (1 -( 
q))B2 Offset =2 sin- [ (I-) I 2 

Cos a 9 

where x is the reactive component of the self impedance 

CT is the thickness correction term 

1 Bri 
+ 

2b (b 21 Bý Bt + [ln 2+ 7CW +1 2 T- 6b 2 1) 
n199 

(6.21) 

(6.22) 
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4b 
+1 (b ) 2COS4(EW)) Bt = T- I-ln (sin(E-W)) 

9 
2b 219 2b 

X2 cos 
4XI) 1_ (L) 22 

4b 2a a 
19 

g3 Cos _ g(L)2 2a a 

- 
xW 21 ln ( 

410) 
(6.23) (2Z-, ) xyw g3 

1-(L)2 1" ab 7c a12 
2L4 ICL - 'ý W- 

nj Cos ( 2a (6.24) 

4wX 
g2 sin kL 

(C + ln (ylkllw)] +- rj 12k02k0L 

11 + iL_)23S_ _I!! (L_)2 2L 3L 2L (6.25) 

2x Also k' = lk dE) ; ko = 1- ;y=1.7 81 0L 

x 

g3 =1 
3% 

) 

21 -I 

1- (Ta 2 

and C= 
Ci(k 

0L++ CilkoL - nj 
2 

where Ci is the cosine integral; Ci(x) = Ix cos t dt t 
00 

S- 
Si(k 

0L+ Si(k 
0L 

where Si is the sine integral; Si(x) 
X sin t. dt 
0t 
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The values of Ln and Xn determined from the above expressions are, as 

indicated above, used as trial values in the more accurate root- 

finding routine which incorporates the moment method. The moment 
I 

method has been implemented using a single trign'ometric basis 

function. While this involves a slight sacrifice of accuracy 

(Figures (6.5) and (6.6)), the time savings which accrue are very 

significant. 

In addition the moment method equations presented in chapter 3 

clearly display a considerable degree of repetitiveness which can be 

eliminated to further enhance the computational speeds. For example, 

the solution for a typical slot involves equation (3.18) being summed 

over approximately 2500 modes. many of the modal characteristics 

need only be calculated once as they are invariant from slot to slot 

and they can be stored for use as and when required. The efficiency 

is also enhanced by efficiently testing the summations for 

convergence. In fact, if care is taken to store data and efficient 

test procedures are adopted then an improvement of between 300 and 

400% is gained over a program in which the mathematics are programmed 

directly from the equations. 

The moment method equations are then incorporated into a corrected 

Gauss-Newton root-finding routine which determines the improved 

values for Ln and Xn. However rather than searching for the slot 

self admittance in this routine, it has been found that searching for 

the reflection coefficient p is more effective. This is because with 

P it is easier to separate the effect of slot length from that of 

slot offset as a result of the differing ways in which these 
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dimensions influence the magnitude and the phase of p, (Figures 

(6.7), (6.8), (6.9) and (6.10)). More particularly, the program 

makes use of the observation that the magnitude of p is almost 

linearly dependent on offsett while its argument is almost linearly 

dependent on slot length for small changes in these dimensions near 

resonance. 

Once the new improved values of Ln and Xn are determined the program 

is then iterated until a stable solution is obtained. That is the 

mutual scattering is recalculated which in turn results in an 

adjustment in the self admittance terms and hence a set of slightly 

different Ln I's and Xn' s are found; the process is repeated until a 

satisfactory solution is found. 

The final adjustment to the solution is to correct for the radiated 

and transmitted phase deviations caused by the slots. The 

mathematics of the moment method naturally evaluates these phase 

shifts and this enables them to be compensated for. Figure (6.11) 

illustrates this effect and the separation between the slots is 

adjusted to correct for the transmission phase shift for the slot in 

question and the difference between the radiated phase shifts of the 

present slot and adjacent slot on the load side. Ideally this effect 

should be corrected for while the solution is being iterated, 

howeverl the effect is small and therefore it is sufficient to simply 

incorporate this adjustment at the end of the array design [6.71. 

6.5 DESCRIPTION OF COMPUTER PROGRAM 

A fortran program has been written incorporating the procedures 

discussed in the preceding sections to enable a purely theoretical 
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design of a travelling wave array to be carried out. A flow chart 

showing the basic steps in the synthesis program is illustrated 

below. 
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START 

READ INPUT DATA 
FAR FIELD PATTERN CHARACTERISTICS 

WAVEGUIDE PARAMETERS 
SLOT WIDTH 

CALCULATE ROOTS OF 
ARRAY FACTOR USING 
DOLPH-CHEBYSHEV 

CHECK FAR FIELD PATTERN 
SCHELKUNOFF 

I INCREMENT NO 
OF ROOTS BY ýI 

is NO 
SPECIFICATION 
\ SATISFIED 

YES 

PRINT OUT DATA 
THEORETICAL FAR 
FIELD PATTERN 

TERMINE COEFFICIENTS 
OF ARRAY FACTOR 
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CORRECT FOR FIELD DISTRUBUTION1 I 
IN SLOT 

FIRS 
PASS 

YES 

I DETERMINE SELF 
DETERMINE SELF ADMITTANCES ADMITTANCES USING 

USING APPROXIMATE FORM EQUIVALENT DIPOLE 
I IMPEDANCES 

FIRST 
PASS 

YES 

I CONVERT Yn TO ZnI 

DETERMINE SLOT LENGTHI 
L USING BISECTIONAL 
n 

ROOT FINDING ROUTINE 

DETERMINE SLOT OFFSET] 
xn BY SUBSTITUTION 
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ISTORE Ln AND X 
nj 

n 

ol NO 
n> 2\ 

YES 

DETERMINE REFLECTION1 
COEFFICIENTS Pn 

FIRST'\,,,, 
PASS 

YES 

L TRIAL LVARIATIONAL 

x TRIAL NARIATIONAL 

DETERMINE ACCURATE SLOT 
LENGTH AND OFFSET USING 

GAUSS NEWTON ROUTINE 

STORE L- AND 

L TRIAL L 
n-1 MOMENT 

x TRIAL 'ý XVARIATIONAL 

INEXT SLOT I 
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>2 N'ý, NO 

YES 

x 
TRIAL ý XMOMENT 

(PREVIOUS PASS) 

LENGTH AND OFFSET USING 
GAUSS NEWTON ROUTINE 

ISTORE Ln AND Xn 

INEXT SLOT I 

L TRIAL L 
n-1 

x TRIAL XMOMENT 

(PREVIOUS PASS) 

DETERMINE ACCURATE SLOT 
LENGTH AND OFFSET USING 

GAUSS NEWTON ROUTINE 

STORE 

DETERMINE GRADIENT OF lpi 
W. R. T OFFSET 

I 

DETERMINE X TRIAL USING 
GRADIENT OF 101 
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IL TRIAL =L n-1 MOMENTI 

DETERMINE ACCURATE SLOT 
LENGTH AND OFFSET USING 

GAUSS NEWTON ROUTINE 

I STORE Ln AND Xn I 

I NEXT SLOT I 

NO LAST 
SLOT 

YES 

NO DIMENSIONALN 
CONVERGENCES 

YES 

ADJUST SLOT SEPARATIONS 
TO COMPENSATE FOR 

RADIATION AND TRANSMISSION 
PHASE DEVIATIONS 

I PRINT OUT ARRAY GEOMETRY I 

STOP- 
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The flow chart has been simplified considerably for clarity and most 

of the steps shown are reasonably self explanatory. However, it is 

perhaps pertinent to highlight some aspects of the chart which have 

been successful in promoting computational efficiency. As mentioned 

earlier particular attention has been paid to enhancing the 

efficiency of the latter part of the program, as the majority of the 

processing time is required to accurately locate the individual slots 

and determine their lengths. On the other hand the mathematics 

involved in calculating the admittance components are relatively 

straightforward and do not require much processing time. Therefore, 

the subroutines employed to evaluate these terms have been 

programmed, more or less, directly from the mathematics without 

paying special attention to improving the efficiency. 

In order that the slots of appropriate lengths may be located 

accurately and efficiently in the top wall of the waveguide, care is 

needed to ensure that the trial values of L and X, required for the 

Gauss-Newton root-f inding, are as accurate as possible. This is 

achieved by employing the variational method to provide an initial 

set of trial values for the first slot. Note, the equations used in 

this routine have been restricted to Oliner' s solution along with a 

thickness correction factor. There are other enhancements to this 

technique suggested in the literature [3.12) but these have been 

omitted to minimise the complexity of the mathematics. The trial 

values obtained from this method are modified slightly to improve 

their accuracy with the length being adjusted to 98% of its original 

length and the offset from the guide centre line being increased by 

2%. The adjustment factors have been determined intuitively after 

running the program several times. These trial values are then used 
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in the Gauss-Newton root-finding routine which incorporates the 

moment method to determine the improved values for L, and XV This 

routine accesses the moment method many times during the design of an 

array and it is therefore, imperative that this solution is 

efficiently programmed. Especially, as it is known to posses a high 

degree of repetitiveness with many of the modal characteristics being 

invariant from slot to slot. Consequently, care has been taken to 

ensure that these characteristics are only evaluated once with the 

data being stored in either global arrays or common memory blocks in 

a form which may be readily accessed as and when the program requires 

it. 

The trial values for the second slot are set up in a slightly 

different manner with the 'improved' length of the first slot being 

used as the trial length as it provides a more accurate starting 

point than the variational result. The offset is set equal to the 

adjusted variational result for the second slot and once more the 

improved values for L and X are evaluated using the Gauss-Newton 

root-finding routine. 

The trial values for the remaining slots are all set in a similar 

manner. The length is set equal to the improved length of the 

previous slot and the offset is deduced by interpolation using the 

gradient of the magnitude of the'reflection coefficient with respect 

to the slot offset from the guide centre line. Note, the gradient is 

evaluated each time from the previous two slots to optimise the 

accuracy of the trial offsets. once these enhancements have been 
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incorporated then the trial values and the 'improved' slot positions 

differ only slightly and therefore the processing time required for 

the Gauss-Newton routine is minimised. 

This is repeated until a complete set of Vs and X's are obtainedl 

then the program is iterated with the mutual coupling being 

recalculated etc. Note; the variational solution is not required in 

the subsequent passes as the array configuration is known to change 

only slightly and therefore, the 'improved' lengths and offsets 

evaluated during the previous pass can be used as trial values in 

place of the variational data. 

The computations are repeated, as indicated on the flow chart, until 

the values of Ln and Xr, differ from the values of the previous pass 

by less than realistic fabrication tolerances (approximately 0.05 mm 

in our case). It was found that usually 3 to 4 passes were 

sufficient to achieve this. 

6.6 CONCLUSION 

A computer aided design package for the synthesis of rectangular 

waveguide broadwall arrays comprising of shunt slots has been 

described. The package differs from preceding contributions in this 

area in that the self admittances of the slots are computed, rather 

than taken from a data bank of measured values. The self admittance 

computations rely on the use of the moment method which is known to 

be potentially as accurate as the best measurements in evaluating 

slot self scattering effects. To accommodate the moment method, 

which does not unfortunately yield rapidly calculable closed form 

expressions for the scattering parameters of a slot, considerable 
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care has been exercised in developing time saving computational 

procedures. 

Some continuing limitations in the CAD package have also been 

identified, but these can readily be eliminated once computational 

speeds permit. For example the use of a more elaborate basis 

function in the moment method would improve the basic accuracy of the 

program as would a more direct method of calculating the mutual 

impedance between slots. 

- 98 - 



Y1 

_: 
Figure 6.1 

Equivalent Circuit for Travelling Wave Array 



v 

Figure 6.2 

Das' Pictorial Representation of Equation (6.6) 
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Equivalent Dipole Geometry 
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CHAPTER 7 

THEORETICAL AND EXPERIMENTAL ASSESSMENT OF 

THE CAD SYNTHESIS PACKAGE 

A computer aided design/synthesis package for slotted waveguide array 

antennas has been described in the preceding chapter. This differs 

from other design procedures presently detailed in the literature 

[2.63r 2.79,, 3.91 4.4,6.1,6.2) in that it uses theoretically 

evaluated self admittance values, rather than measured self 

admittances, for the individual slots in the array. This package is 

assessed in this chapter using two independent tests. Firstly, it 

has been used to design an array previously detailed by Elliott in 

[2.80] for which directly comparable results are available. 

Secondly, to design a 19 element shunt slot array which, once 

constructedt was comprehensively evaluated on an accurate near field 

measurement systemr courtesy of Ferranti Ple, Edinburgh. 

7.1 THEORETICAL ASSESSMENT 

Elliott designed a 21 element non-staggered shunt slot travelling 

wave array using the design procedure described in [2.79,2.801. 

This has been repeated using the CAD package presented in chapter 6. 

However, before detailing the design it is worth summarising the two 

design techniques and highlighting the main differences. Two 

simplified flow charts are presented below to clearly enunciate the 

respective techniques. 
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CAD Synthesis Routine rs 
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The two techniques differ in that Elliott's starts with a set of 

measured self admittances for slots whose lengths and offsets are 

known. Then the active admittances for this array configuration are 
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determined. These values are compared with the admittance values 

required to generate the specified far field pattern and the process 

is repeated, using adjusted self admittance values, until the 

specification is satisfied. Whereas, the CAD package reverses this 

and starts by determining the active admittances for the desired far 

field pattern and subsequently evaluates the self and mutual coupling 

components. Various root-finding routines are then employed to 

determine the array configuration and the process is repeated until a 

satisfactory solution is obtained. 

The array designed by Elliott has a Dolph-Chebyshev response with a 

-30 dB side lobe specification and the main beam is placed at 45 

degrees from forward end-fire. The operating frequency is specified 

as 9.375 GHz. This design has been repeated using the CAD package 

and the physical array characteristics predicted by the program are 

reproduced below in table form. 

No. Length (mm) Offset (mm) Separation (mm) 

1 15. '374 1.689 17.40 

2 15.214 1.035 17.42 

3 15.273 1.474 17.42 

4 15.302 1.833 17.42 

5 15.306 2.131 17.41 

6 15.313 2.315 17.40 

7 15.308 2.375 17.39 

8 15.296 2.353 17.39 

9 15.270 2.273 17.38 

10 15.246 2.144 17.38 
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11 15.212 1.978 17.38 

12 15.167 1.794 17.38 

13 15.141 1.606 17.38 

14 15.123 1.420 17.38 

15 15.094 1.236 17.39 

16 15.066 1.044 17.39 

17 15.040 0.866 17.39 

18 14.996 0.715 17.39 

19 14.984 0.551 17.40 

20 15.013 0.374 17.39 

21 14.930 0.562 

Table (7.1) 

Predicted Array Geometry for 21 Element Example 

Note: The slots are numbered from the load end. 

The slot lengths and offsets listed in the above table are 

substantially in agreement with the corresponding Elliott values when 

due allowance is made for the fact that Elliott's design uses 

measured self admittance values for round ended slots and also 

contains a constraint, which ensures that the resultant slot 

dimensions are consistent with the data file values. In Figure (7.1) 

a comparison is made between the theoretical and experimental results 

for this array. The figure shows the specified pattern (solid 

curve), a pattern deduced from the theoretical slot offsets and 

lengths (dotted curve), using Elliott's technique outlined previously 

with the measured self admittances being replaced by moment method 

predictions, and a reconstruction of Elliott's measured pattern using 
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144 data points (chain dotted curve). In connection with this figure 

it is particularly interesting to note the discrepancy which occurs 

between the 'ideal' pattern (solid curve) and the deduced pattern 

(dotted curve). The discrepancy appears predominantly in the side 

lobe levels which are generally lower than their theoretical value, 

except for those lobes most remote from the main beam. This error 

can largely be attributed to the method used to evaluate the mutual 

coupling between elements which relies on analogy with dipole theory. 

This analogy necessitates finding a relationship between slot 

voltages and mode voltages and currently this involves the use of the 

following approximate expression formulated by Elliott and Kurtz 

(2.791 based on Stevenson's [2.151 work 

L8 (a/b) 1 
xx 2ns 

yA [ 
R2 (0/k) sin a 

(cos 20L 
n- cos 2kL 

n)V; 
(7.1) 

n 

where 11 is the impedance of free space. 

A more direct method of evaluating the mutual coupling in the slotted 

array is required before this weakness in the synthesis program can 

be eliminated. However, when the synthesised results are compared 

with Elliott's measurements (chain dotted curve), the degree of 

agreement is not untypical of synthesised slot array design. 

An alternative far field pattern predicted from Elliott's [2.801 

array configuration (solid curve), with the slot lengths corrected to 

compensate for the round ends [3.10] using an equal area rule, is 

presented in Figure (7.2) along with the measured result (chain 

dotted curve). The two curves are in reasonable agreement with the 
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discrepancies mainly appearing in the side lobes. These 

discrepancies can be predominantly attributed to the following 

factors. 

(a) Inaccuracies in the self admittances predictions, which 

arise from evaluating the moment method using a single 

trignometric basis function. 

(b) Errors arising from the use of the round end to square end 

correction factor. 

(c) The method of evaluating the mutual coupling between the 

elements, especially the dependence on the relationship 

between slot voltage and mode voltage as highlighted 

previously. 

Care must be exercised in interpreting the results in Figure (7.2) 

and it is difficult to conclude too much. However, this figure 

demonstrates that some confidence can be placed in the moment method 

predictions, as they have been used to replace the measured data in 

(2.80] with theoretical values and the computed far field pattern, 

using these values, is in reasonable agreement with the measured 

result. 

7.2 EXPERIMENTAL CONFIRMATION 

A 19 element shunt slot travelling wave array with staggered slots 

has also been designed using the CAD synthesis program (see figure 

(7.3)). The Dolph-Chebyshev response has once again been adopted to 

characterise the far field pattern with the main beam at 9 degrees 
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from broadside and -24 dB side lobes. The array was designed to 

operate at 9.375 GHz and has been constructed in standard X-band 

waveguide (W. G. 16) using square ended 1.6 mm wide slots. The 

resultant design has a normalised theoretical input admittance of 

1.023 +j0.0225 and 28 percent of the power is predicted to be 

dissipated in the load. The physical configuration of the array is 

tabulated below: 

No. LENGTH (m) OFFSET (rmn) SEPARATION (mm) 

1 15.171 + 2.034 18.36 

2 15.122 - 1.485 18.34 

3 15.109 + 1.701 18.33 

4 15.121 - 2.046 18.31 

5 15.157 + 2.280 18.30 

6 15.167 - 2.467 18.29 

7 15.189 + 2.564 18.29 

8 15.191 - 2.595 18.29 

9 15.185 + 2.549 18.30 

10 15.178 - 2.447 18.31 

11 15.159 + 2.301 18.32 

12 15.151 - 2.122 18.34 

13 15.150 + 1.918 18.35 

14 15.146 - 1.702 18.36 

15 15.133 + 1.466 18.37 

16 15.136 - 1.226 18.38 

17 15.158 + 1.006 18.36 
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18 15.013 - 0.826 18.38 

19 15.206 + 1.086 

Table (7.2) 

Predicted Array Geometry for 19 Element Array 

The predicted far field pattern (dotted curve) for this array 

configuration has been compared with the I ideal' pattern (solid line) 

in Figure (7.4). The differences between the two patterns are less 

than those observed for the Elliott array, and this is due to the 

lower level of mutual coupling which a staggered array suffers. This 

in turn means that the approximation in equation (7.1) which has been 

identified as the primary cause of these theoretical discrepancies is 

much less significant for this array. 

Before discussing the experimental results for this array it is worth 

digressing slightly and commenting on the suggestion in [2.67t 2.681 

that the effect of mutual coupling may be neglected in the design of 

arrays of this type, as long as the side lobe levels are not lower 

than -30 dBs. This implies that the mutual effect may be ignored in 

the above design. Obviously, this has an effect on the predicted 

array configuration and in order to quantify it the synthesis program 

has been re-run with the mutual coupling set equal to zero. The 

resulting configuration is tabulated below: 

No. LENGTH (mm) OFFSET (mm) SEPARATION (mm) 

1 15.238 + 1.950 18.38 

15.188 - 1.197 18.38 
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3 15.211 + 1.502 18.38 

4 15.234 - 1.784 18.38 

5 15.245 + 2.021 18.37 

6 15.279 - 2.190 18.38 

7 15.290 + 2.287 18.38 

8 15.290 - 2.306 18.38 

9 15.290 + 2.258 18.38 

10 15.287 - 2.158 18.38 

11 15.247 + 2.017 18.38 

12 15.247 - 1.855 18.38 

13 15.227 + 1.662 18.38 

14 15.227 - 1.476 18.38 

15 15.188 + 1.258 18.38 

16 15.188 - 1.069 18.38 

17 15.147 + 0.855 18.38 

18 15.147 - 0.691 18.38 

19 15.174 + 1.027 

Table (7.3) 

Predicted Array Geometry for 19 Element Array 

With Mutual Coupling Set Equal to Zero 

It is interesting to note that the values tabulated above differ only 

slightly from those tabulated in Table (7.2). The predicted far 

field patterns for the two array configurations have been presented 

in Figure (7.5). This figure clearly shows that even although the 

physical differences between the arrays are small, they have a 

significant effect on the radiation pattern. Therefore, the mutual 
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coupling must be taken into account in the design, unless the 

machining tolerances are extremely poor. 

The radiation characteristics of the constructed array have been 

determined experimentally with the array embedded in a ground plane 

(300 mm x. 600 mm) using a near field measurement system which was 

accurate to approximately ±1 dB. The results obtained using this 

set-up are presented in Figures (7.6), (7.7) and (7.8). However, in 

order that the far field pattern may be examined it has been 

reconstructed from the near field measurements and the phase and 

magnitude data used to reconstruct the pattern is tabulated below: 

No. Amplitude Phase (Degrees) 

1 21.26 307 

2 12.16 269 

3 17.30 235 

4 17.58 198 

5 24.80 184 

6 26.60 147 

7- 29.17 91 

8 30.20 67 

9 35.10 31 

10 28.50 355 

11 35.10 333 

12 32.36 289 

13 27.86 256 

14 27.86 207 

15 17.00 194 
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16 22.39 153 

17 13.65 127 

18 14.29 153 

19 13.18 27 

Table (7.4) 

Measured Near Field Data 

Note: The values were read from the appropriate curves at positions 

equivalent to the centre of each slot. 

The reconstructed far field pattern (solid curve), which represents 

the measured pattern with a fair degree of accuracy, is illustrated 

along with the 'ideal' pattern (dotted curve) in Figure (7.9). This 

shows that while the main beam position and width are in good 

agreement with theory the far out side lobes in particular are 

considerably in error. The reasons for this error are predominantly 

due to machining inaccuracies and an inability to produce square 

ended slots. The machining limitations can clearly be seen in Figure 

(7.10) where photographs of the individual slots are presented. 

These effects are also highlighted by near field amplitude and phase 

patterns for the array in Figures (7.7) and (7.8) which show that 

slots 10,15,18 and 19 are particularly poor. The near field values 

for these slots have been corrected (see Table (7.5)) and computer 

predictions of the far field patterns for each adjustment and the 

overall adjustment are illustrated in Figures (7.11), (7.12), (7.13)f 

(7.14) and (7.15). 
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SLOT AMPLITUDE PHASE (Degrees) 
No. 

10 35.563 Same 

15 25.410 Same 

18 14.073 90.0 

19 21.500 60.0 

Table (7.5) 

AdJusted Near Field Values 

The adjusted pattern (solid curve) presented in Figure (7.15) clearly 

demonstrates the effect of correcting the slot excitations and shows 

a significant improvement in the radiation pattern with the far out 

side lobes falling off. 

7.3 CONCLUSION 

The computer aided design package for the synthesis of linear 

travelling wave slotted arrays has been assessed in this chapter. A 

purely theoretical assessment was initially carried out and the array 

detailed in (2.80] was redesigned. The predicted array configuration 

was found to be in substantial agreement with Elliott's 

configuration. A second and more rigorous assessment was then 

carried out where the package was used to design a 19 element arrayt 

this was constructed and measured on a near field measurement system. 

The experimental and theoretical results for this array have been 

shown to be in reasonable agreement once certain constructional 

limitations are taken into consideration. 
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The results presented in this chapter demonstrate that it is viable 

to design arrays of this type using purely theoretical results and 

therefore, the restriction on the array configurations that may be 

examined can be relaxed somewhat, as the measured data formerly 

relied upon can be replaced by theoretically evaluated data. Care, 

however, must be exercised when using this package as the accuracy is 

limited due to the simplistic basis function used in the moment 

method solution and the analogy with dipoles used to evaluate the 

mutual coupling. 
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Figure (7.3) 

Photograph of 19 Element Array 
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Figure (7.10) 

Photoqraphs of Individual Slots in the Array 
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CHAPTER 8 

APPLICATIONS OF CAD SYNTHESIS PROGRAH 

A computer aided design procedure to synthesise slotted waveguide 

array antennas has been developed and assessed in the preceding 

chapters. This was initially limited to the design of linear 

travelling wave arrays with the far field pattern being characterised 

by the Dolph-Chebyshev solution. These restrictions were imposed to 

demonstrate the principle of slotted waveguide array synthesis using 

the moment method solution. 

The synthesis program, however, can readily be adapted to examine 

alternative configurations and this chapter indicates how resonant, 

planar and some unconventional arrays can be designed. 

8.1 RADIATION PATTERN SYNTHESIS 

The far field pattern may be shaped by suitably tailoring the 

excitation distribution across the array and the choice of 

distribution is usually governed by the antenna requirements. For 

exampler ground radar antennas often have a cosecant-shaped elevation 

pattern to compensate range with elevation and satellite antenna 

patterns are shaped to fit a geographical area. There are numerous 

algorithms available to shape the radiation pattern in the 

literature. Unfortunately, they cannot all be realised by slotted 

waveguide array antennas due to the interdependence between the slot 

excitations and the physical array configuration. In practicef the 

choice is normally restricted to a few standard patterns, four of 

which have been mentioned below. 
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Dolph recognised that the Chebyshev polynomial was ideally suited to 

generate a pattern with side lobes equal in magnitude and 

consequently, he developed a set of relationships detailed in [2.39] 

to determine the positions of the roots of the array factor. This 

solution has been refined over the years and various improved 

algorithms have evolved (2.40,2.41t 2.43,2.44,2.45,2.46,2.47, 

2.48,6.1]. An interesting graph is presented in [2.48], which has 

been reproduced in Figure (8.1), comparing computer processing times 

for a number of these and improvements in efficiency in excess of one 

hundred fold are indicated. 

The Taylor solution [2.49]1 which is widely used in radar antennas, 

generates a far field pattern where the level of the side lobes close 

to the main beam is controlled and the far out lobes decay in 

magnitude as a function of angular displacement from the main beam. 

An example of this pattern is presented in [8.1] where Elliott and 

Johnson have detailed the design of a 19 element shunt slot array 

with the side lobe level being set equal to 20 dB and with the 

additional feature that the three inner most side lobes are depressed 

to 30 dB on one side of the main beam. 

Woodward [2; 501 diversified and developed a solution which shapes the 

pattern by filling in the nulls. This technique superimposed a 

family of patterns so that the main beam of each successive partial 

pattern occurs at the first null of the preceding pattern, with the 

heights of the main beams being adjusted to fit a desired contour. 

This technique produces pattern shaping in the 'filled in' region and 

is often used in land surveillance systems. Consequently, 

considerable attention has been paid to enhancing this pattern and 
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more specifically to minimise the ripple etc. in the shaped region 

[2.51,2.52,2.53,2.54,2.55,2.56,2.571. 

The final technique to be mentioned has only recently been 

implemented as access to a high speed main frame computer is a pre- 

requisite. This is a direct method which simply adjusts the array 

configuration until the radiated pattern is within the required 

specification. Recently this technique has been shown [8.2), when 

applied to the design of array fed reflectors, to be reasonably 

efficient in terms of computational effort and it is suggested as a 

viable alternative to the more traditional techniques mentioned 

above. 

8.2 RESONANT ARRAY 

The resonant (standing wave) array is commonly used as an alternative 

to the travelling wave array and this can readily be synthesised by 

slightly modifying the CAD program. This array differs from the 

travelling wave array in that it is designed with the main beam at 

broadside and all the slots are fed in phase with a slot separation 

of X9 /2. The waveguide is also terminated in a perfect short circuit 

9 
/4 away from the centre of the last slot instead of the matched 

load. A pictorial representation of the equivalent circuit for this 

array is presented in Figure (8.2). One disadvantage of this type of 

array is that it operates over a narrower frequency band than the 

travelling wave array and the performance deteriorates rapidly as the 

incident and reflected waves move out of phase. This is primarily 

due to the distance from the end slot to the short circuit varying 

from X9 /4. 

- 115 - 



In order to design this type of array an alternative set of equations 

is required to evaluate the active admittances of the individual 

slots. These take the following fom: 

N 
Z yA T 

n=l n 

N2 
YA = 1: KC (8.2) 
n n=l n 

N2= 
KICn1 (8.3) 

n=l 

where yA is the total active admittance T 

yA is the active admittance of the n 
th 

slot n 

Cn is the excitation coefficient of the n th 
slot 

is a constant. 

The region in which these equations should be incorporated into the 

synthesis program has been highlighted on the flow chart in chapter 6 

and they may readily be implemented in place of equations (6.3) to 

(6.5). This a slightly more efficient solution in terms of 

computational effort than the travelling wave array as the active 

admittances are evaluated for a specified input match. Whereas, in 

the case of the travelling wave array the solution is iterated with 

the amount of power dissipated in the load being adjusted until an 

acceptable solution is obtained. 
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8.3 PLANAR ARRAY 

The synthesis program can also be extended to design planar arrays 

and the additional programming required to implement this is 

remarkably little. However, it must be stressed that the inclusion 

of the external mutual coupling is far more significant in the design 

of planar arrays. As the model currently used to quantify the mutual 

coupling is known to be inaccurate, some additional caution needs to 

be exercised in the implementation of the planar array design. 

Nevertheless, it is worth outlining how this may be done. 

The planar array is initially split into two linear arrays, an X 

directed array and aZ directed array (see Figure (8.3)). The array 

factors for both arrays are then evaluated and the coefficients of 

the X directed factor are used to weight the input signals to the Z 

I directed linear arrays. Note, there are many different methods of 

feeding planar arrays and this area remains to be investigated before 

the CAD package can provide a complete design of a practical planar 

array. However, it has been assumed, for the purpose of 

demonstrating the program, that the Z directed arrays can be fed 

independently. This assumption enables a design to be obtained and 

the active admittances of the slots may then be evaluated using the 

coefficients of the Z directed array factor. The active admittance 

values of the corresponding slots in the linear arrays are identical 

and therefore, these values along with the approximate slot positions 

need only be evaluated for one array. 

Once the approximate array configuration is defined then the mutual 

coupling can be evaluated. This must be calculated for each slot due 

to the slightly different environment each element sees. The 
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exception to this is the resonant array, when it is possible to 

reduce the number of calculations by a factor of two, as the array is 

symmetrical about the X axis. The self admittances can be evaluated 

next with the root-finding routines determining the array 

configuration. Care is required to ensure the trial values for the 

Gauss-Newton root-finding routine are set up correctly. Particularly 

in the case of the travelling wave antenna, when the planar array has 

to be considered as a stack of linear arrays. The trial values for 

the first slot of each linear array must be either determined using 

the variational method or from the moment method values obtained from 

the previous pass. The gradient of IpI calculated from the last two 

slots of the previous array cannot be employed as the offsets of the 

slots at either end of the array differ considerably and the gradient 

changes in a non-linear fashion with offset. Consequently, if it was 

used to estimate the trial value, it would predict an inaccurate 

value which would impair the efficiency of the root-finding routine 

and increase the computational effort required to determine the 

solution. 

A 15 element planar array comprising of three linear travelling wave 

arrays has been designed using the synthesis program with the above 

modifications incorporated. This was designed to operate at 9.375 

GHz in W. G. 16 with a slot width of 1.6 mm. The Dolph-Chebyshev 

algorithm was once again adopted to characterise the far field 

pattern and the main beam was positioned at 5 degrees from broadside 

in the H plane and at broadside in the E plane with the side lobe 

levels at -22 dB and -10 dB in the respective planes. 
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The magnitudes of the predicted slot voltages for this design are 

tabulated below: 

Waveguide Slot 

1 

2 

3 

1 

2 

3 

4 

5 

1 

2 

3 

4 

5 

1 

2 

3 

4 

5 

Magnitude of Slot Voltage 

1.00000 

1.78188 

2.17876 

1.78188 

1.00000 

1.03899 

1.85135 

2.26371 

1.85135 

1.03899 

1.00000 

1.78188 

2.17876 

1.78188 

1.00000 

Table (8.1) 

Table of Magnitudes of Slot Excitations 

and the computed array configuration is as follows: 
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Waveguide Slot Length (m) Offset (m) Separation (m) 

1 14.93 1.96 19.92 

2 15.49 -3.79 19.59 

13 15.08 3.52 19.92 

4 15.25 -2.38 19.92 

5 14.95 1.25 

1 15.23 1.76 19.97 

2 15.37 -2.75 19.99 

23 15.44 2.96 20.01 

4 15.39 -1.98 19.99 

5 15.40 0.98 

1 15.28 2.17 19.63 

2 15.03 -3.27 19.91 

33 15.49 3.75 19.76 

4 14.93 -2.47 19.95 

5 15.11 1.18 

Table (8.2) 

Array Configuration for 15 Element Planar Array 

It is interesting to note that even although the active admittances 

of the corresponding slots in the three waveguides are identical the 

predicted slot lengths and offsets are all different. This is due to 

the mutual coupling influencing each slot differently with the slots 

in the centre waveguide experiencing the most severe coupling effect. 

Also, the computational effort required to process the design of this 
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array is considerably more than that required to synthesise an 

equivalent 15 element linear array. The synthesis program had to be 

iterated 5 times in order to obtain a solution for the planar arrayr 

whereas, it only took 3 iterations to design the linear array. The 

difference in processing requirerents can be attributed to the higher 

level of mutual coupling which a planar array suffers. 

8.4 ALTERNATIVE ARRAY CONFIGURATIONS 

The synthesis program has so far been employed to design commonly 

used array configurations. However, it is by no means limited to 

these and in order to demonstrate the flexibility of the program some 

rather unusual array configurations have been examined. 

The first arrangement to be considered comprises of a linear array 

with all the slots offset on one side of the waveguide centre line by 

the same amount and the separation between slots is fixed. The width 

and length parameters of the slots are adjusted to control the slot 

excitations. This configuration was selected for two reasons, 

firstlyr to help minimise the machining errors which arise due to 

incorrectly positioning the slots. Secondly, to eliminate the 

distortion in the radiation pattern due to a double periodicity 

error. However, the program soon demonstrated that this was not a 

practical configuration as the width parameter was unable to provide 

the required control over the excitations of the individual slots. 

To help enunciate this the power radiated has been plotted as a 

function of slot length for various widths in Figure (8.4). This 

figure clearly demonstrates that the width adjustment does not yield 

much control over the radiation level, especially for slots close to 
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resonance. Therefore, it is difficult to develop realistic designs 

with low side lobes using this configuration. 

An alternative to this arrangement is to fix the width parameter and 

allow the slot separation to vary. This provides good control over 

the excitation levels of the individual slots. Unfortunately, each 

time the slot separations are adjusted the roots of the array factor, 

which control the radiation pattern, are also adjusted which causes 

distortion in the radiation pattern. Thereforer this configuration 

can only be implemented for arrays where all the slots are excited by 

approximately the same amount, otherwiser the separations between the 

elements vary significantly and the radiation pattern differs from 

the specification. 

The final configuration to be considered is a variation on the above 

set up. This time the slot widths, offsets and separations are held 

constant and the lengths are varied. An additional set of capacitive 

posts are also introduced to provide additional control of the 

susceptance components of the self admittances to enable the 

individual slot excitations to be controlled adequately to shape the 

excitation distribution across the array. The equivalent circuit for 

a post in the broadwall of rectangular waveguide is illustrated in 

Figure (8.5). This figure shows that the post is not directly 

equivalent to a shunt capacitor, however, Marcuvitz (8.31 tabulates 

values of both XA and XB (Table (8.3)) and for the size of posts 

required for this application the XB component can be assumed to be 

zero. 
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Height of Post XA xB 
Reight of waveguide z0 z0 

0.254 -6.204 0.006 

0.505 -0.906 0.011 

0.756 -0.122 0.017 

0.829 -0.028 0.019 

0.943 +0.083 0.021 

0.961 +0.122 0.022 

1.000 +0.277 0.023 

Table (8.3) 

Reactances of Cylindrical Post (1.5875 mm Diameter) 

in W. G. 16 

Before redesigning Elliott's example using this configuration it is 

worth outlining the modification carried out to the program to permit 

this arrangement to be synthesised. Firstly, the trial values for 

the Gauss-Newton root-finding routine were obtained in a different 

manner as the variational solution could not readily be cast into a 

form, which was capable of providing the required. data. A data bank 

of theoretically evaluated self admittance values was set up instead, 

using the moment method to provide initial 'trial values' for the 

root-finding routine. Secondly, this routine searched for the self 

conductance of the slot instead of the reflection coefficient 

formerly used. Once a suitable set of slot lengths has been 

determined then the susceptance compensation required to adjust the 

self admittances to the desired values can be determined. 
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The Elliott example was redesigned using the CAD package with the 

above modifications implemented. The slot width was set equal to 1.5 

mm and the offset equal to 2.85 ma from the guide centre line and the 

resulting array configuration is tabulated below: 

Compensating 
Slot Length (mm) Capacitance 

(xlOE-14 Farads) 

1 12.97 0.1826 

2 12.57 0.1504 

3 13.12 0.1953 

4 13.53 0.2399 

5 13.84 0.2789 

6 14.09 0.3103 

7 14.28 0.3325 

8 14.44 0.3443 

9 14.57 0.3466 

10 14.67 0.3401 

11 14.76 0.3274 

12 14.87 0.3038 

13 14.94 0.2835 

14 14.97 0.2777 

15 14.97 0.2799 

16 14.94 0.3042 

17 14.84 0.3496 

18 14.69 0.3758 
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19 14.46 0.3726 

20 14.12 0.3264 

21 14.47 0.3810 

Table (8.4) 

Array Configuration Using Tuning Screws 

Note: The values of capacitance tabulated above include compensation 

for the additional radiated and transmitted phase shifts due 

to the slots. 

This array was not constructed due to time restrictions, however, it 

appears to be a practical alternative to the more traditional 

arrangements discussed earlier. The manufacturing of this would be 

relatively straightforward as the only parameter to be adjusted is 

the slot length, although, the size and depths of the posts need to 

be determined before this design can be implemented. 

8.5 CONCLUSION 

This chapter demonstrates how the synthesis procedure developed in 

chapter 6 may be extended to permit the design of both resonant and 

planar arrays comprising of longitudinal shunt slots. The additional 

programing required to implement these designs is relatively simple 

and a brief description is given for each case. 

Alternative less common array configurations have also been examined 

to demonstrate the potential of a purely theoretical synthesis/design 

program. Elliott's 21 slot example has been redesigned using one of 

these and the predicted array configuration appears to be a practical 
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alternative to the more traditional arrangements normally 

implemented. This array was not constructed due to time 

restrictions. Nevertheless, this theoretical study has helped to 

demonstrate the flexibility of the design program which is one of its 

main advantages over the more traditional design techniques which 

rely on data banks of measured slots. 
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CHAPTER 9 

CONCLUSION 

The aim of this research project has been to develop a theoretical 

design/synthesis CAD package for slotted waveguide array antennas. 

The moment method solution has been incorporated into this package to 

provide theoretical self admittance data on the individual slots in 

the array. This differs from previous contributions in this field, 

in that the reliance on measured data has been removed. Preliminary 

investigations have been carried out to verify that the moment method 

is capable of accurately characterising a slot. A useful comparison 

between theoretical and recently reported experimental results has 

been presented in Figure (3.4) to assist in the assessment of this 

analysis technique. This figure clearly shows that the theoretical 

predictions are accurate to within 1% of the measured data. This 

small residual error can be attributed primarily to inadequate 

modelling of the field enhancement at the sharp edges within the 

slot. 

This degree of accuracy can only be claimed for narrow square ended 

slots. For wide slots and round ended slots which are commonly used 

in practice, there are at least two other sources of error which 

should be highlighted. The cross-polar or longitudinally directed E 

field component has not been incorporated into the solution, as the 

effect is known to be negligible for slots which exhibit large 

length/width ratios. There are nevertheless some applications which 

use wide slots and in these instances a more complex basis function 

is required. The solution is also restricted to characterising 

square ended slots which gives rise to an additional discrepancy 
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between theory and practice, as slots of this type are almost never 

used due to manufacturing difficulties. Round ended slots are far 

more common and consequently correction factors, based on equal 

perimeter/area rules, have been introduced to compensate for this 

error. 

The moment method analysis has been extended to address the problem 

of round ended slots by employing sectioning on the inner surface of 

the slot with the length of the cavity and outer surface being 

adjusted to accommodate this modification. This technique is more 

demanding in terms of computational effort but not excessively so if 

trignometric basis functions are employed. An improvement of 

approximately 1% in accuracy has been obtained using this 'improved' 

model. However, the model has been shown to break down for 

longitudinal slots exhibiting large offsets due to its crudeness with 

the sectioning being applied to only the inner surface of the slot. 

Unfortunately, any attempt to improve the sophistication of the model 

results in dramatic increases in the computational effort required, 

which are difficult to justify. 

The analysis for the conventional slot has also been used to examine 

the resonant characteristics of longitudinal shunt slots exhibiting 

width to length ratios in the range 0.1 to 0.25. The results of this 

study clearly demonstrate that the relationship between resonant 

length and slot width differs markedly for slots which are close to 

the centre of the waveguide and those nearer to the side wall. This 

difference in behaviour has been explained in terms of slot 

susceptance. 
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A series of experiments was conducted using a waveguide bridge 

measurement system. This set-up was specifically developed for the 

accurate measurement of the resonant frequency of a radiating slot. 

Measurements have been carried out on various longitudinal slot 

examples, each having a different slot width and a different offset 

from the waveguide centre line. The experimental results confirmed 

the theoretically predicted relationship between the width parameter 

and the resonant length of a longitudinal shunt slot. 

These investigations into the accuracy of the moment method solution 

have clearly demonstrated that it may be employed, with some 

confidence, in a slotted waveguide antenna design procedure. 

Consequentlyr such a package has been developed. Considerable care 

was exercised during the development of this design methodology to 

generate computationally efficient algorithms, as the moment method 

does not yield rapidly calculable closed form expressions for the 

scattering parameters of a slot. The accuracy of the design package 

is currently limited by the need to achieve practical processor times 

on presently available computing facilities. Steady improvements in 

accuracy can consequently be predicted as computational speeds 

permit. For example, the use of more elaborate basis functions in 

the moment method solution would clearly improve the basic accuracy 

of the program, as would a more direct method of calculating the 

mutual coupling between slots. 

The CAD design package was assessed using two independent tests. 

Firstly, it was used to redesign an example previously detailed in 

the literature by Elliott and the predicted array configuration was 

found to be substantially in agreement with the reported 
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configuration. A second, more rigorous test was also carried out 

where the package was used to design a 19 element travelling wave 

antenna. This was constructed and the radiation pattern was measured 

on an accurate near field measurement system. The experimental and 

theoretical patterns for this array were compared and the degree of 

agreement was not untypical of synthesised slot array design. The 

discrepancies between the patterns were mainly attributed to 

constructional errors, or more precisely to weaknesses in the method 

adopted to produce square ended slots. 

The flexibility of the program was also examined and various 

modifications have been discussed to enable other array 

configurations to be synthesised. A brief description of the 

additional programming required for both resonant and planar arrayst 

which was remarkably simple, has been given. Also, some 

unconventional array configurations have been studied to demonstrate 

the potential of this design procedure. Elliott's 21 slot example 

has been redesigned using one of these and the predicted array 

configuration appears to be a practical alternative to the more 

traditional arrangements normally implemented. This array was not 

constructed due to time restrictions. Nevertheless, this theoretical 

study has helped to demonstrate the flexibility of the design program 

which is one of its main advantages over the more traditional design 

techniques which rely on data banks of measured slots. 

One obvious refinement to this design package would be to extend it 

to incorporate the design of the feed system for a planar array. 

However, the CAD package is a powerful tool as it stands and it has 

already been employed to design an antenna comprising of two linear 
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arrays. This antenna has been constructed and is undergoing tests 

with a view to using it in a marine navigation system. One array, 

namely a 31 element resonant array of longitudinal shunt slots in a 

rectangular waveguide was designed conventionally using the CAD 

package. The second array was less easy to design, since it required 

an array comprising of 33 inclined slots cut in the narrow wall of a 

rectangular waveguide to be designed. The inclined slots were 

accommodated by creating a modified version of the program in which 

the moment method was replaced by a solution due to Das, Raju and 

Chakraboty (9.11 for the self admittance of an inclined slot. 

The work recorded in this thesis has given rise to two projects which 

will be commencing shortly. The first of these is aimed at 

developing a complete electromagnetic solution to the slotted 

waveguide problem. This will be based on the work of Vu Khac but 

with his pulse basis functions being replaced by trignometric 

functions. The second project is directed towards developing a 

manufacturing procedure for slotted waveguide array antennas using a 

chemical etching process. This is similar to the method used in 

making.. printed circuit boards and a computer will be employed to 

generate the masks for the array. These masks must be drawn 

approximately 10 times larger than required, to obtain an accuracy of 

0.02 mm and then reduced to the actual size of the array using 

photographic techniques. The accuracy of this manufacturing 

procedure is also governed by the etching process and the waveguide 

wall has to be skimmed to one tenth of its standard thickness if an 

accuracy of 0.02 nim is to be maintained. 
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APPENDIX 1 

EVALUATION OF THE WAVEGUIDE INTEGRAL FOR 

THE SECTIONED TRANSVERSE SLOT 

The integration of the field across the inner surface of a sectioned 

transverse slot breaks down into three parts. 

(1) The self coupling term for the middle section 

(2) The self coupling term for the outer section 

(3) The mutual coupling term 

which when combined give 

wLpL P) 33Z+X+ sir(x, - XI +- jwc,, p212 sin 
2 

k7 -a-b- fLL 
p-1 q-1 0z WL 

fxpp 

p- 2T 

Z+ WL 
X+ 

Lq 
sw(xo -x+ 

Lq) 

xfq2f2 sin L2 
z-W, Lqq 
q2x 2 

cc -r nm 
I Z-Z. 

I 
om n-1 m0 

nir 21 (ml 21 
sin n"x sin n"O cos mlry cos mlry")dx, dzdxdz -kn-m7 Fbaabb 

nm 
(Al . 1) 

wher e W, - W/3 

Lp Lq are the section lengths dependent on p and q 

zpIzq are the respective displacements from the centre 

of the slot to the centre of the sections 
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and 1f or j0 
co jý 

2 for j0 

The self coupling term for the middle section will be addressed first 

as the solution is the same as that for Lyon's single slot 13.11 and 

the mathematics will be reproduced to clearly enunciate the method of 

evaluation. 

The component of (Al. 1) relating to the self coupling of the middle 

section is as follows 

wLL !UX+ ZWL 

i WC 22 
sin 

iir(x -Lx, + 2) 2 x, + 2 
sin S7(X� - : 2' 

ký 
Ja-b 

L 
cwxL w2 

2 222 

e- 
r 
nm 

I z-zO IE(r 
nm n7r 

2_ 1 ') 
21 

(Al . 2) ii() 7- (El, n-1 m-o om ky a 
rim 

b 

x sin n'rx sin nlrx" 
cos mlry cos M'rryO dxodzodxdz 

aabb 

with p-q-2, Zp mZq-0 and Lp-LqL- length of round end 

slot. 

The expression may be simplified considerably if the integrals are 

evaluated. 
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Firstly, consider 

Wi 
--L -r I z-zo I f2f2e nm dz, dz (Al-3) 

W, W, 
22 

this can be solved using a transformation of variables EA1.11 with 

Z-zo Cl w Z+zo (Al . 

dz dzo -1 WO 2 

Hence 2 
W, WI-A 

e- 
rA dndA (Al-5) ff 

00 

which integrates to give 

1 rim 
W, 

r 
Wl 

+ Fr- e (Al 
nm nm 

The second integral is of the form 

LL 

a(i n) 
2 

sin 
iw(x - x, + 2) 

sin 
mrx dx (Al -7) 

fxLLa 

2 

which may be simplified by the use of trignometric identities and 

substituting x- x' + x, to give 
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iL 
2f2 

sin 
"" 

sin nn(x' I X, ) dx' (i even) 
LLa 

a(i, n) (Al. 8) 

i-1 L 
2f2 iwx' nT(x' Cos L sin aI 

xl)ldx' (i odd) 

2 

The above equations are evaluated in an identical manner therefore 

only one solution will be outlined with the other simply being 

quoted. Consider the expression for i even and substitute 

in, (Al 
L 

into it to produce 

where 

i i7r 

2 (L nirx, 2 
in os af ilr 

sine sinaO dG (Al. 10) 

2 

nL (Al. 11) ia 

This integrates to give 

2L 
ilr 

sin SiI cos nlrx (Al . 12) 
aT --l 2a 

except when a-1 then 

I 
(_1)2 Cos mrx, (Al-13) 2a 
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and consequently the solution for equation (A1.8) for i odd is 

2L 

oft n) - 
lir 

-%ds 
oti ir sin nlrx , (Al . 14) 1- aa 2a 

except when a-1 then 

i-l 

oft n) 
2 

sin nlrxl (Al . 15) 
a 

Substituting these back into (Al. 2) gives 

Go r j2we, 
E )2)(W, +1 (e- nmWl 

- 1))cj(i, n)c(s, n) i7a-b om rbr c n-1 m-o rm run 

(Al . 16) 

which converges slowly due to the m- 
2 

and m-3 terms. Lyon enhanced 

the efficiency of this expression by summing these terms 

analytically. The sunmation 

0 

ML 
cmýwl(l mIr (Al-17) br 

m 

is re-written as 

p2 
WIO -2n (Al. 18) I 

mg - pit Mmi n 

where 
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p- b/() -a (Al . 19) 

to enable Collin's 13.41 and Vu Khac's [2-71 work be implemented 

which simplifies this to 

WICU 
n] 

(Al. 20) 

wher e 

vp n cosirp n 

U 
sinwp n (Al . 21 

n irp n coshirp n 
sinhip n 

The other summation suitable for evaluation is 

i1 
(Al . 22) 

1 
qm 

which is equivalent to 

3 40 1 I- (ý) I, (Al . 23) 
7r AIp 

mmo (m 2-p 2)2 
n n 

and by applying Hildebrand's [Al . 23 results this is reduced to 

1 im- 
(IL) (1)(, +, 

j, ) (Al . 24) 
m-i nm 11 

ý2 7rn 7 Pn 

Therefore the self coupling terms for the middle section may be 

written as 
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2j we a 
0* 

a(i n) c(s, n) (W, Un +e 
no 

W, 

n1 no 

1 co -r m W, 2e 

2r 2r+ IT) 
+ (Al . 25) no Pn -2pn M-1 

rs,. 

The remaining coupling terms may be evaluated in a similar manner. 

Differing only in the solutions of the integral W-3) due to the Z 

displacements of the section. 

This integral takes the following form for the self coupling of the 

outer sections. 

Z, +wZ, +wI -r f2f2e MIZ - zo, 
dZodZ (Al . 26) 

zi - -W. L W, 
2 Z, 2 

and may be evaluated by employing the transformation in (Al -5) giving 

Z, + W, 
f 

zi + WI -A 
e- 

r 
nm 

A 
d2dA (Al . 27) 

zi Z, 

and the solution is 

e 
-r rim 

Z, 
[Z, (e 

-r nm 
wi 

- 1) + W, +1 (e- 
r 
rn 

wý- 
1)] (Al . 28) rnm rrn 

Substituting this along with equations (Al . 12) to (Al . 15) Into (Al . 2) 

give5 the following 50lution for the 5elf coupling of the outer 

section 
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OD co 2 -rnmzl I cf(i n) a(s n)Ic om 
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m7r 

b) 
]e 

0n1 in 0 rm 

[ZI(e- 
r. w 

1) + W, +r1 (e- 
rnmý 1 (Al . 29) 

rm 

The solution to W-3) for the mutual term is evaluated directly with 

the modules of Z-ZO removed as long as ZZ ZO. This enables the 

integral to be split as follows 

w 
z+ IL -r zz. + ELL -r zo 2e rm dZ f2e nm dZo (Al . 30) 

zI- -W:. 
L Z2 - 

W, 

2 

which when solved gives 

- 7ý- ( 2e 
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rm 
(Zl-Z2) 

-e 
-r m 

(Zl-Z2-Wl 

e 
-r m 

(zl-Z2 +w, 
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nm 

Consequently the solution for the mutual coupling is 

co co e j OM Mff )21 c(i n) u(s nrrb k; 'b 
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with Z-Z, - Z, 

(Al - 31 ) 

(Al . 32) 
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Note the summations in (Al . 29) and (Al . 32) cannot be solved 

analytically, therefore these expressions converge more slowly than 

(Al . 25). 
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EVALUATION OF THE WAVEGUIDE INTEGRAL 

FOR THE SECTIONED LONGITUDINAL SLOT 

The solution for the magnetic field within the waveguide divides into 

two terms. 

(a) The self coupling and mutual coupling term for sections of 

equal lengths 

(b) The mutual coupling term for section of different lengths. 

The terms are developed in a similar manner to Lyon's solution for 

the single slot. The expression for sections of equal lengths is 

evaluated first as this differs only slightly from Lyon's result. 

The magnetic vector potential is calculated from equation (4.11) 

giving 

w 
x+"I 

co om c on 
Cos n7rx a 

Cos nlrxD dx, 
m 

n-o m-o 
2abr,, 

f 
W, a 
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zL 

e- 
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nm 

zfZ 
sin Sw (ZO 
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L/2) 

-e 
rrmzo 

dZol 

-L/2 

(A2.1) 

On performing the intergrations this reduces to 
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This is substituted into eqn. (4.10) to obtain Hz. 
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which enables the final integral to be evaluated. 

t (- axH) dS ffi -2x 0 -y -Z s 
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Substituting (A2.3) with (A2.4) gives 
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( A2.5) 

which after integration becomes 
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This may be simplified somewhat by employing the results on contour 

integration applied to summing series given by Collin 13.41. 

In particular the summation 

2 
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Incorporating this back into (A2.6) gives 

jwc,, ic 2a bon 
0 

wl 
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(A2.1 1) 

where xa, xb are the offsets for the sections in question. Note the 

contribution of the m-n-o mode is already included in the 4#,, term and 

therefore it has been omitted from this solution. 

The evaluation of the mutual coupling expression for sections of 

different lengths is more complicated due to the additional terms in 

the equation for the magnetic vector potential. 

H. 
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a 

- 145 - 



rzL s7r(z. ILL ) -r z 

e nm f2 sin L2. e run OdZ, 

z 

rzz s7(z. + LI) r z. 
e run f sin 2-e rm dZo 

2 

L 
rz nm f slr(z. + Ld rz sin 

L, 
2_ 

e 
nm 0 

dZo 

rz Sff (Z. +L . 1) -rz. 
e r1m f2 sin 2e rlm dZol 

L 
2 

where L, is the length of the middle section 

L is the length of the outer section 

(A2.12) 

The first integration in the equation is trivial, however, the other 

four require integration by parts and the resulting expressions are 

detailed below: 
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Therefore the magnetic vector potential becomes 

cc 
A C' on om cos nffx 
m 2ab 

n-o m-o 
r 
rm a 

W, 

(x +w -L) nw(x - 
WI) 

x (: ý-) (s in a2- sin -a2 nw aa 

n-o 

nvo 

s7r(z + 
LI) 

-r(z+ 
LL) 

2 
(2 sin 

2+ (sw F-) e run 2 
(i + S'ff nm run froLl 

L 
r =L) 

Sir )(-l)s nm 
Iým 

(A2.16) 

(A2.17) 

and Hz is evaluated by substituting this into equation (4.9) giving 
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This is then used in (A. 24) which gives 
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and the three integrals in this expression are evaluated as follows: 
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Substituting (A2.20) to (A2.22) into (A2.19) and employing Collin's 

work on series gives the final expression as 
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where La, Lb are the lengths of the appropriate sections, 

and xa, xb are the offsets of the appropriate sections for the mutual 

coupling for sections of different lengths. 
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Invited paper 

Some observations on the computer-aided design/synthesis of 
slot ted-waveguide antennas 

A. J. SANGSTERt and A. H. 1. McCORMICKt 

Planar array antennas which are formed by stacking together two or more linear 
slottcd-wavcguidc arrays arc widely used in radar systems. These arrays are 
bccoming increasingly amcnable to comprehensive computer-aidcd design and 
synthesis procedures, since the scattering characteristics of apertures in waveguide 
can now be predicted to a high degree of accuracy. This paper reviews the three 
most useful theoretical methods of determining slot characteristics and examines 
the advantages and disadvantages of the different methods for use in computer- 
aided design programmes. 

1. Introduction 
Design, or synthesis, procedures for waveguide fed slot arrays, if they are to 

provide reliable results are heavily dependent on the availability of accurate values 
for the self-impedances of slot radiators in waveguide (Elliott 1978). The mutual 
impedances for arrays of narrow slots can be determined by the method of Baker 
and Lagrone (1962), if the slot distribution for the planar slot array is known. For 
planar slotted-waveguide arrays comprising shunt-slotted, or series inclined-slotted 
waveguides the current design practice is to employ measured results from which 
self-impedances can be deduced. The array synthesis can then proceed using inter- 
polation where necessary between the measured values. 

However this reliance on measured results means that such a synthesis technique 
is intrinsically inflexible permitting the examination only of those array geometries 
which comprise slots for which measured results exist. Ideally therefore a synthesis 
procedure is required which is not measurement based. This in turn means that an 
analytical method of sufficient accuracy must be constructed to provide the required 
self-impedance data for slot radiators in waveguide. In this paper the predominant 
methods which are available for the analysis of apertures in waveguide are exam- 
ined from the viewpoint of array synthesis. This requirement reduces the cxami- 
nation to three realistic alternatives. These are the diffraction method originally 
propounded by Bethe (1944), the variational method (Levine and Schwinger 1950, 
Oliner 1957, Sangster and Hawkins 1972) and the moment method (Harrington 
1968, Vu Khac and Carson 1973, Lyon and Sangster 1981). 

The diffraction method has the attractive computer-aided design feature that it 
provides relatively simple closed form expressions for the desired aperture param- 
cters. In its original form it was applicable only to small apertures in an infinitesi- 
mally thin conducting wall. However modifications which have been introduced 
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over the intervening year-,. notably by Cohn (1952 a), Levy (1968,1980). McDonald 
(1972). Collin (1981) and Van Bladcl (1971), have permitted extensions of the 
method to apertures which arc no longer 'small', in wavcguidc walls of finite thick- 
ncss. The essential features of the Bethc method arc summarized in §2, which also 
shows how the various modifications mentioned above have been implemented. 
Tables and appendices highlighting those formulae which are particularly relevant 
to the computcr-aidcd design of slot arrays are provided for two typical slot geome- 
t ries. 

The variational method is an intrinsically more general mathematical technique 
than that of Bethe, and has been used for the analysis of a variety of waveguide 
obstacles. It was first applied successfully to apertures in waveguide by Oliner 
(1957). Other significant contributions to the solution or the aperture problem which 
have employed this technique are given in Sangster and Hawkins (1972) and Das 
and Sanyal (1970). The variational method also produces closcd-form expressions 
for the scattering parameters of a slot discontinuity in waveguide, and these are 
presented in equivalent circuit form for two typical slot geometries in Appendices 2 
and 3. The primary weakness of this method probably lies in its inability to take 
account of waveguide wall thickness except through a correction factor similar to 
that suggested by Cohn (1952a) for small apertures. A correction factor has also 
been implemented by Oliner for resonant or near-resonant slots but the results are 
not entirely satisfactory. 

The moment method, for the analysis of electromagnetic scattering, is of rela- 
tively recent development and much of the early work can largely be attributed to 
Harrington (1968). It has been applied with some success to waveguide aperture 
problems (Vu Khac and Carson 1973, Lyon and Sangster 1981). Elliott (1978) has 
suggested that this method probably provides the most promising route to a synthe- 
sis procedure for slot-arrays, particularly when these are required to meet stringent 
specifications. The method is summarized in § 4. 

Finally a quantitiative assessment of the accuracy of the three methods in pre- 
dicting both the equivalent circuit element values, and also the power radiated, for 

some typical slot geometries is made in § 5. Some comparisons with measured 
results are included. 

2. Small aperture diffraction theory 

The small aperture diffraction theory which was formulated some 40 years ago 
by Bethe has formed the basis for the design of many microwave devices in the 
intervening years. Inevitably the method has been modified and improved during 
this period and it is the purpose of this section to enunciate the significant changes 
which have been made and thence provide a summary of the formulae which are 
currently in use for radiating slots in rectangular waveguide. 

Apertures in rectangular waveguide have formed the 'building blocks' of micro- 
wave filters and couplers, and of microwave antennas when coupled to 'free space'. 
By the application of an equivalence principle which permits the aperture to be 
represented by a magnetic current sheet J., and by employing the Lorentz reci- 
procity principle, Collin, using Bethe's basic method, has shown that for small aper- 
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tures internal scattering can be represented by an integral equation of the form 

f+. 
i 

f 
HR 

m 
dA = jw[. uo H. + -M-E. + - PI 

So 

where E,, and H,, are the electric and magnetic field components of the nth normal 
mode of the waveguide. M is the magnetic dipole moment for the aperture and is 
given by 

I 
rV - Jm dA 

X), Uo 

ff 

So 

(2) 

where s. denotes the surface area of the aperture and r is a vector denoting a point 
within the aperture. P is the electric dipole moment for the aperture and is given by 

CO p2frxJ. dA 
sa 

For apertures of regular shape the above integral expressions for M and P have 
been evaluated by a number of authors. These evaluations are normally expressed in 
the form of aperture electric and magnetic dyadic polarizabilities i, and i. rcspec- 
tively. These are generally more useful quantities for defining the coupling strength 
of an aperture since they are dependent only on aperture shape and size. The 
relationships between M, P, i. and Fe, are usually expressed in the form 

M =am - 

cok -E 

where for apertures in a waveguide wall E and H are the fields of the incident 
waveguide mode at the position of the aperture. For apertures of circular or ellip- 
tical shape theoretical values for the components of i. and i. are available (Van 
Bladel 1971). These are tabulated in the Table for an ellipse with its major axis lying 
along ý and its minor axis lying along C of a ý, q, C coordinate system. 

In the Table, r denotes the circular aperture radius, while w and I represent half 
the width and length of the ellipse respectively. F and E are the complete elliptical 
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integrals of (lie first and second kind and arc givcn by 

j 
F(e) = 

fo" d(k 
c2 sin2 O)ltz (6) 

12 
E(E) = 

fo" 
0 -, f' sin' 0)"' do 

e is the eccentricity of the ellipse. 
The polarizability values quoted in the Table apply to the problem which is 

relevant here. namely that of a waveguide fed aperture radiating into a half-spacc. 
Values for o(,,,., of., 4 and ot, can be found in the literature which disagree with those 
quoted above usually by a factor of two or four (Collin 1960, Montgomery 1947, 
Harvey 1963. Rahmat-Samii 1977). However, these differences can usually be attrib- 
uted to differences in the excitation or radiation conditions (e. g. half-spacc to half- 
space rather than waveguide to half-space). 

Polarizability values for apertures having shapes which are other than elliptical 
or circular can be found in Cohn (1951,1952b) who has produced accurately mea- 
sured values for a range of useful aperture shapes. These agree with the Bethe/Collin 
theoretical values where comparison can be made. For waveguide to half-space 
problems, however, the Cohn polarizability values require to be incremented by a 
factor of two. 

The Bethe/Collin analysis enunciated above has some serious deficiencies when 
contemplating its use as a design tool for most practical devices. This is because 
firstly the small aperture requirement is hardly ever maintained in practice and sec- 
ondly the aperture is never located in a wall of zero thickness. To overcome the first 
of these difficulties Levy has postulated that, for slots, the magnetic polarisability be 

modified by the following factor 

tan nfl 2fo 

nfl2fo 

where fo is the frequency at which the slot resonates. This is given by 21 = ;. o/2. f is 
the operating frequency. 

The influence of wall thickness on aperture polarizability has been studied by 
several contributors notably Cohn (1952a), Levy (1968) and McDonald (1972). The 
general approach is to view the aperture as a very short cut-off waveguide operating 
in its dominant mode. For a slot this implies the TEIO mode, and hence the follow- 
ing correction factor can readily be deduced 

2wA 
p- A2 (9) CT = exp AC C/A2))1/2 

1 

where t is the wall thickness, A. is the cut-off wavelength of the slot-guide, and ;. is 
the free-space wavelength at the operating frequency. For slots and circular holes 
the correction factor A has been determined to a high accuracy by McDonald. 
Using these results, Levy has deduced the following simple relationship between A 
and t for a circular hole of radius r, namely 

At = 1-0064t + 0-0819r (t > 0-2r) (10) 
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Vor narrow slots. an equivalently simple relationship has yet to be formulated. and 
consequently the appropriate value of A requires to be read directly from Mc- 
Donald's curves. when the correction factor C, is being used. 

In a recent contribution due to Levy (1980) it has bccn demonstrated that whcn 
applied to wavcguidc or cavity coupling problems the condition of uniform field 
over the coupling aperture, which is strictly rcquircd by the small aperture method, 
is not usually satisfied. Lcvy suggests that this difficulty can be greatly minimized by 
field averaging. This leads to the following correction factors for two typical cases. 

(a) For a centrally located transverse slot in the broadwall of rectangular wave- 
guide 

2nl 
sin 

call +- 2 2ni 
Laj 

where 21 is the slot length and a is the waveguide width. 
(h) For an offset longitudinal slot in the broadwall rectangular waveguide 

4nl 
sin . 

cav I+ Ag 
2 4nl 

L Ag j 

where Ag is the guide wavelength. 
When the correction factors are incorporated into the Bethe analysis the appro- 

priate forms for the slot polarizabilities are 
Cf CT Cav 5m 

ýCc) ý Cf CT Cav 

However for radiation problems, which particularly concern us here, the require- 
ment for power conservation (Collin 1981, Cheng 1982) dictates that the com- 
ponents of the polarizability dyadics be modified in the following way: magnetic 
polarizability becomes 

qc) 

m 
+j 3n 

for the ý component, and similarly for the ý" component: electric polarizability 
becomes 

(cl 
(p) 
epi 11 

-j 3n 
for the q component, or any other component if such components occur. 

i'PI and ilP' thus represent the most fully corrected polarizability formulae cur- M 
rently available to us, and they have provided a basis for the synthesis of antenna 
arrays of moderate capability. 
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To implement a synthesis procedure for an antenna array of the slotted wave- 
guide type it is generally desirable to express the internal scattering properties of a 
given slot arrangement by means of an L. R. G, C equivalent circuit. Formulae for 
the inductance L, series resistance R, parallel conductance G and capacitance C, 
expressed in terms of aperture polarizabilities and normalized to the waveguide 
impedance Z,,. have been generated by Van Bladcl (1971) for a number of typical 
slot geometries. Power radiated expressions describing the external behaviour of 
such slots have also been evolved from small aperture theory by Van Bladcl. A 
summary of these results is produced in Appendix 1. 

I Variational method 
In the previous section' it was shown that an aperture in waveguide produces 

electromagnetic scattering both internally and externally and that the scattering into 
the nth mode can be expressed in terms of integrals of the form 

fJ 
ln -H� da = 

ff 
nx Ei - H. ' da 

iß 

(17) 

for scattering in the forward (+ ve) direction in the nth mode of the waveguide. it is 
a unit normal to the aperture surface and E, is the unknown electric field in the 
plane of the aperture. To generate the total scattered field at any position within the 
waveguide it will obviously be necessary to perform a summation over all possible 
modes. Such a summation can be achieved by employing an appropriate Green's 
function for the waveguide. If the magnetic dyadic Green"s function for the wave- 
guide, Nrlro), is chosen it is not difficult to show that the above integral, with 
13h(r/ro) in place of H, *. (r), represents the total magnetic field scattered by the aper- 
ture at any position (r - x, y, zz) within the guide (region 1). More specifically, 

H, (r) = jcoco 
ff 

nxE, (ro) - (lh(r/ro) dao 

So 

ro( --o (xo, yo, -0)) denotes position within the aperture. If, alternatively, the mag- 
netic dyadic Green's function for the external half-space (region 2), namely Ohll(r/ro), 
is used, we find that the magnetic field of the externally scattered electromagnetic 
energy can be expressed as 

H2(r) = -jamo 
fnx 

Efto) - C(II(r/ro) dao (19) 

So 
I 

By applying magnetic field boundary conditions at the surface of the aperture, 
an integral equation can be formed which is amenable to the variational method 
(1972). In this way variational expressions can be formulated for any of the scat- 
tering parameters of the aperture. Equally, variational expressions for the elements 
of an equivalent circuit representation of the aperture can similarly be evolved 
(Oliner 1957, Sangster and Hawkins 1972, Sangster 1965, Stevenson 1948). 
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-rhcsc variational formulations invariably contain ratios of the form 
1H 

1'Ofrl *nxE. (r) da 2 

ff ffn 
x E, (r) - Ch(r/ro) -nxE, (ro) da dao 

. 1.0 J., 

647 

(20) 

If a 6good' approximation is available for the trial field E, the variational formula- 
tion provides a result for the quantity of interest which is an order more accurate 
than the original 'trial'. Furthermore if the trial field has a 'simple' functional form 
which permits direct evaluation of the integrals, closed form expressions for the 
scattering parameters or equivalent circuit parameters become available. This situ. 
ation arises when narrow rectangular apertures are employed for which a cosinusoi- 
dal field distribution represents an accurate trial form. 

Most of the common slot geometries have been investigated using the varia- 
tional method particularly by Oliner (1957) and by Sangster and Hawkins (1972). 
Closed form formulae for the equivalent circuit representations of a longitudinal 
off-set and a transverse slot in the broadwall of rectangular waveguide are presented 
in Appendices 2 and 3. A closed form power radiated formula for these slot geomet- 
ries, or for any inclined, off-set broadwall slot in rectangular waveguide, is given in 
Appendix 4. It should be emphasized here that the variational solution described 
above is strictly applicable to a two region problem in which the regions are 
separated by a conducting screen of infinitesimal thickness. In practice, however, the 
dividing wall in the slotted-waveguide problem is of finite thickness and this must 
somehow be accommodated within the analysis. It has been found from experience 
that this can best be done by employing the CT factor used in small aperture theory 
and applying it directly to Oliner's 'power radiated' expression. The effect of this 
modification on the variational formulae for scattering by an aperture in waveguide 
is indicated in the appendices. 

An important criterion which has governed the presentation of the formulae in 
the Table and Appendices 1-4, has been that demonstrable agreement between the 
two methods should exist where valid comparisons can be made. For example, for 
slots for which w11 is small and for which 1�, 0, the variational solutions should 
reduce asymptotically to those of diffraction theory. It is not difficult to show that 
this is in fact so in all cases where direct comparison can be made and when the 
appropriate definition for aperture polarizability is employed in the Bethe method. 

Moment method 
The moment method (1968) is a relatively new technique for the analysis of 

electromagnetic boundary value problems of the slotted waveguide (Vu Khac and 
Carson 1973, Lyon and Sangster 1981) and other types. It exhibits many similarities 
to the variational method described in the previous section. However, whereas in 
the variational method use is made of some 'stationary' property of the scattered 
fields, (when the 'trial field' in the aperture is close to its exact value), to effect a 
solution to the integral equation which the discontinuity problem generates, in the 
moment method a more direct approach is employed. This is achieved by postu- 
lating that the unknown aperture field can be represented functionally by a series of 
basis functions. This results in the reduction of the integral equations to a set of 
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x- 

Upper surface 

? -- a ---j 
Figure 1. Coordinate system of slotted waveguide with exploded view of slot. (Region a is 

the waveguide interior, region b is the slot interior, and region c is the half-space into 
which the slot radiates). 

simultaneous equations whose solutions can usually be attained by resorting to 
matrix manipulation procedures on a high speed digital computer. 

A distinct advantage of the moment method over other methods for analysing 
waveguide aperture problems is that it is not restricted to the two-region problem 
previously enunciated. Coupling between three or more regions can be considered 
(Lyon and Sangster 1981) which means that the 'thick wall' problem can be handled 
in a more natural way. 

By employing an equivalence principle the aperture in a thick wall separating a 
waveguide region and a half-spacc can be represented as in Fig. 1. If thý magnetic 
dyadic Green's function for each of the three regions shown in this figure is known 
then, from §3 we know that the magnetic field scattered by the unknown magnetic 
currents can be expressed through integrals of the form 

H(r) = jumo 
ff 

dtft/ro) - J. (ro) dao 

S& 
where Ch may be C"" or 61" or Clcl and J=±nxE or ±nx E' as appropriate. hhhM 

t A, C, 
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On application of the boundary conditions at the upper and lower surfaces of 
the aperture the following integral equations result 

nxH, (r) =. jtt)E� nx [J(&)(r/r�) + J"(r/r�)] -nx E(r, » da, ) 

fhh 

+ jumo nx Clt"(r/ro) - n' x E'(ro) daO (r on s, ) (22) 
fh 

[C(b jamo nx 
ff 

h 
)(r/ro) + C(h`(r/rO)] - n' x E'(ro) daO 

'41 

ftuco n' x 0'11(r/ro) - n' x E(ro) daO (r on s' ) (23) h 

So 
where s. . s., n and n' are defined in Fig. I and Hft) denotes the magnetic field 
component of the TEIO incident wave in the waveguide (region a). A moment' 
method solution to the above integral equations requires, firstly, that the unknown 
aperture fields E and E' be expressed as a series of functionals. For example we may 
write 

and 

N 

n xE=n xZa, f, a, on s. (24) 
Sal 

n' x E'= Wx b, f, a, on s. (25) 

where a,, is the unit vector in the q-direction of the slot coordinate system. Fig. I. A 
suitable form for the functionalsf, (ý) is (Lyon and Sangster 1981) 

sin 
sn(ý + (26) 

1 
21 

Hence by following Galerkin's method which involves the use of testing functions, 
which are identical to the basis functions, and a suitable 'inner product', the integral 
equations are converted to the following matrix form 

[A] [C]l [[a] I= r[h]] 
(27) [B] [D]j [b] j LEO] 

where 

Ai, = -jamo fj a. - 
[n 

x 
ff 

[G")(r/ro) +G (býr/ro)] 
- f, ac dao hhI da (28) 

Se so 

Bi, = -joxo fi a,, - 
[n' 

xff (C(b)(rlro) + 6(c)(r/ro)] 
if 

hh-f, ac dao da (29) 
Sal So 

I 

f 
d(lb)(r/ro) -fsa4 dao da (30) Ci. = +joxo 

f 
fia,, - 

[n 
xI 

So Sal 
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f 
n' x 

ff 

a, da, da (31) 
f 

h, 
ff 

a, nxH jr) da (32) 

Is 

The above matrix equation has been solved for the case of narrow slot radiators, 
in the broadwall of rectangular waveguides, for which sinusoidal basis and testing 
functions are appropriate. Expressions for the internal scattering parameters st 1 and 
. 5,2 and for the radiated power of a transverse and a longitudinal off-set example are 
presented in Appendices 5 and 6. 

It is important to note here that when operating the above system of equations, 
the waveguide Green"s function should contain the 0= constant modc recently 
described by Van Bladel (1981) otherwise unexpected errors can occur in the vicinity 
of resonance for some slot arrangements (Lyon and Hizal 1983). 

5. Comparison of some theoretical and experimental results 

The three methods of analysis enunciated in prcceding sections have been used 
to provide some computed results depicting the electromagnetic scattering produced 
by typical slot radiators located in the broadwall of a rectangular waveguide. While 
these computations give a clear indication of the substantial agreement which exists 
between the three methods some particular differences are also highlighted. 

In Fig. 2, the normalized radiated power is plotted as a function of slot length 
for a centrally located transverse slot in the broadwall of a rectangular waveguide 
whose walls are assumed to be infinitesimally thin. The figure clearly shows that in 
the non-resonant range of slot lengths, namely 21: 5 O-4A, the small aperture and 
variational theories are in close agreement. However, while the small aperture 
theory is obviously limited in its application to slots in this non-resonant range, the 
variational method is usable up to resonance and beyond. For this zero thickness 
wall case, the variational method predicts that resonance occurs where 21 = 0-465 A, 
whereas the moment method gives a value of 21 = 0-445 A; a 5% discrepancy. This 
deviation can largely be attributed to the closed form approximations employed in 
the variational method which require that the functional form of the slot field be a 
simple sinusoid. The aperture field in the moment method was formed from three 
odd-order sinusoidal basis functions. For below resonant slots, Fig. 2 also shows 
that the moment method predicts lower values of radiated power (of the order of 
2dB down at 6mm) than does the variational method. This difference is partly due 
to the closed form simplifications mentioned above but also partly due to the three 
region nature of the moment method, which prohibits the assumption of a truly zero 
thickness wall (0-01 mm was used in these calculations). 

The above observations are also true for an off-set longitudinal slot in the zero- 
thickness broadwall of a rectangular waveguide, when the off-sct is large. This can 
be seen from an examination of Fig. 3. 

When the above slot examples are now located in a waveguide with walls of 
finite thickness, namely t=I mm, the differences between the methods become more 
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14. 

12- 

10. 

4ý 

2 

0 

A=l 

Slot length (mm) 

Slot width 0-0625 in., wall thickness = 0-06 in., 
frequency IOGHz. 
--- Cohn estimate 
---- Moment method 
IIII Measured results 

Figure 6. Wall thickness attenuation as a function of slot length. 

apparent. For the particular examples chosen, Figs. 4 and 5, the variational and 
moment methods are now in good agreement near resonance but diverge signifi- 
cantly for slot lengths which are well below resonance. The degree of agreement 
which was previously noted between the small aperture and variational methods, for 
slots in the length range 21 < 0-4 A, is not altered by the introduction of wall thick- 
ness. Comparison of Figs. 2 and 4 and Figs. 3 and 5, elicits the result that the 
moment method predicts less severe wall-thickncss attenuation than do the small 
aperture and variational methods, both of which employ the Cohn formula (eqn. 
(9)). 

The reason for this is clearly demonstrated in Fig. 6. Here wall-thickness attenu- 
ation has been plotted as a function of slot length, and it can be seen that when the 
usual value of 3 is chosen for the Cohn A-factor considerable divergence between 
the Cohn estimate of wall thickness attenuation and that of the moment method 
occurs for small slots. This divergence is reflected in the 'power radiated' figures. For 
small apertures for which wall thickness, t, is not negligible by comparison with slot 

10 12 14 16 
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length. 1. Cohn has suggested that values of A approaching unity may be appropri- 
ate. Figurc 6 shows that when A=1, Cohn is in much better agreement with the 
moment method for small slots, but this is obtained at the expense of a deterioration 
at larger slot lengths. A method of optimiAng the value of A at each slot length has 
been suggested by McDonald (1972). Unfortunately. for narrow rectangular slots, 
the McDonald technique can be difficult to implement. Some measurements of 
wall thickness attenuation have also been included in Fig. 6. These were performed 
using a waveguidc 16 jig with 0-06 in. thick walls into which were cut a range of 
1/16 in. wide squarc-cnded slots. The results substantially support the moment 
method predictions. 

To improve the confidence of the slotted-wavcguide array designer that thcoreti- 
cally predicted slot characteristics can furnish reliable and accurate design informa- 
tion it is necessary to establish good agreement between theory and practice in a 
regime of slot behaviour which represents a particularly difficult test for any theo- 
retical model. Predicting correctly the manner in which the resonant length of a 
longitudinal off-set slot is influenced by its off-set represents such a test. This test 
also has the advantage that very accurate measured results already exist (Stegen 
1951). The results arc presented in Fig. 7 where the best-fit measured curve, due to 
Stegen, is compared with both a moment method and a variational method predic- 
tion of the same geometry. It can be seen, firstly, that while the predicted curves are 
generally lower than the Stegen result the moment method demonstrates the correct 
functionality for change in resonant length with slot off-set. The variational method 
clearly fails to do this. The 3-4% level difference between the Stegen and the corre- 
sponding moment method result can largely be attributed to the fact that the round- 
ended slots of measurement require, at present, to be modelled by square-ended 
slots in the theory. Other contributory factors, which are not modelled in the 
theory, are edge effects and resistive losses. Figure 7 also shows that when wall 
thickness is not allowed for in the analysis the resonant length prediction is in error 
by approximately 7%. 

Recent measurements which have been performed on square-ended longitudinal 
off-set slots (Stern and Elliott 1985) demonstrate a high level agreement between 
theory (moment method) and practice. Tabulated results for slots in X-band wave- 
guide, exhibiting off-sets in the range 0-05 in. to 0-35 in., suggest that the discrepancy 
between theory and experiment is at worst 0-6%. This implies that for square-ended 
slots, moment method predictions of off-set resonant lengths can justifiably be 
claimed to be as accurate as the best measured values (typically 0-5-1% experimen- 
tal error). 

6. Conclusions 

Three well established methods for predicting theoretically the scattering charac- 
teristics of apertures in rectangular waveguide have been examined as potential 
tools for the synthesis and/or computer-aided design of slotted-waveguide array 
antennas. Of the three, the moment method has been shown to be the most prom- 
ising in this regard since, for a wide range of slot geometries, it can provide results 
which deviate from the best measured results by little more than the experimental 
error. However it is the most difficult to implement computationally, since this 
method, unlike the variational and small aperture methods, does not produce closed 
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Off-set (mm. ) 

-x- Stegen (wall thickness t= 1-27 mm, 2w - 1-5875 mm) 
---- Oliner (t =1 -0 mm, 2w =1-5 mm) 

Moment method (t = 1-27 mm, 2w = 1-5875 mm) 
Moment method (t =1 -0 mm, 2w 1-5 mm) 
Moment method (i = 0-0 mm, 2w 1-5 mr. 1) 

Figure 7. Resonant length as a function of off-set for a ! ongitudinal slot 
in the broadwall of a rectangular waveguidc. 

form expressions for the slot scattering parameters. Consequently, access to a high 
speed, high power mainframe computer is a pre-requisite of employing the moment 
method in any meaningful synthesis role. 

When limited computer power is available, such as in a desk top computer, both 
the variational and small aperture methods can profitably be used. It has been 
shown that provided some caution is exercised both methods are of sufficient accu- 
racy to at least permit the development of computer-aided design packages for small 
linear or planar arrays. 

The principal caveats which should be noted are as follows: 

1. The small aperture method cannot sensibly be used for the design of arrays 
which may contain resonant slots. 

2. Both the variational and small aperture methods require considerable care to 
be exercised when implementing the wall thickness correction factor. 

A 3. The variational method does not accommodaLC the Stegen effect for longitu- 
dinal off-set slots. This is usually resolved in practice by introducing a correc- 
tion factor which is based on Stegen's measurements. 

4. All three methods are unable to accommodate round-ended slots. In practice 
this deficiency is usually handled by adopting a rectangular slot whose 'effec- 
tive length' is the same as the round-ended slot. 

10 
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Appendix 1. Circuit element and power radiated rormulse for typical slot radiators 
using small aperture theory 

Series circuit 
Centrally located transvcrsc broadwall slot: 

<z 

V9 19 R Xc 

Zin z9 

For a narrow slot whose main axis lies in the x-direction: 

0 arm". -42 -, 2 
0, 

a= mill 
ýXMI " tq 

Hence 

20 (PJ2 
0ßi olotmx 2ß ,0 a(Pý R=-9Xc=, - - -- mg 

hab ab 

and 
C2'U2(a(p))2 Prad 2P, OkO' 0 MS Pinc 3nVab b 

These formulae assume excitation by a TE,,, mode whose field components are 
normalized such that the power flowing in the guide Pi. c = 1/2 RejjAEj. c xW inc 

dA = 1/2 in magnitude, and also Pi. c = Ve 1ý2. 

Shunt circuit 
Longitudinal off-set slot in broadwall of waveguide: 

11 

y 
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For a narrow slot whosc major axis lics in the --dircction 

ticncc from Van Bladcl: 

and 
Prod 2nk', u 

2 2[2(p)]2 
nd o oc ME .2 

Pinc - 3plo ZO a'b ". a 

Appendix 2. Circuit element formulae for an off-set transverse slot in the broadwall of 
waveguide, using the variational method 

B 
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where G and B are normalized to YO the characteristic admittance of the waveguide 
and CT is defined in § 2. Also 

B, = 
4b I 
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WA 
BPI 

ý2 
0 

Ik1" 
(C + In (71 k' I w)] + sin 2k,, I++ Ao), ]s 

-2w 
(Ao)lj (ko) 

2ku I( TI 31 41 

Also 

-1c 
)2 )112, 

k () = 
2n 

;y= 1-781 
21 10 

A0 A23 
(No 

2a 

and 

c 
Ci(2ko I+ Ci I 2ko I- 

2 

where Ci is the cosine integral; 

Ci(x) =£ 
CO, , dt 

and 

s 
Si(2ko I+ n) - Si(2ko I- 

2n 

where Si is the sine integral: 

Si(x) = 
sin t dt 

fox 
t 

It is assumed that for the incident mode in the wavcguidello 110 E 10 x H*10 - da = 1. 

Appendix 3. Circuit element formulae for an off-set longitudinal slot in the broadwall 
of waveguide, using variational method 

2W- 
211 

wd Y9 =1 
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+ 0- 13ý 1 -0-374 . 
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I 

Cos 2 
(2nl) (ia-) 

As 

Cos 
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(2a)2 a 
cosec 2 

(nd 

Ag 2nl a 
Cos 

a 

where B is defined in Appendix 2. 
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Appendix 4. Closed form formulae for the power radiated by an off-set inclined slot in 
the broadwall of rectangular waveguide 

2z (MI + N') Power radiated y 
Power incident 

I+z (MI +N 2) 
2+x2 1yI (Y) 

where 

B- 6nZo 
abkO' 

Cos 
(a) 

I- 
(il 2 

a) 

where B is defined in Appendix 2 and ZO = 37711. Also 
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Cos nQ S-2 2 
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I co 
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21 
sin 0+ 21010 

cos 0 
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Where 0 is the slot inclination to the guide axis (=00 for longitudinal slot). 
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App, endix 5. Sk-aftering parameter rormulae ror an off-set transverse slo( in 
rectangular waveguide using the moment method 

rz- 

.> -l'. zg =1 

Ajoý2x 
sin w) 

v 
a. a(s, 

aSF. I 

S12 = I-Sll 

where a. are the coefficients of the basis function series obtained by solving matrix 
eqn. (27) 
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2 2n 

; kc =- 
Ir 

copo fit kc ab ýg a 

and 

41 
VE 7rlý 7rd 

11 2 sin sin 

s7ra (s even) 

rdý 

a(s, 1) 
1 y/21 sin a 

41 
S7r nl nd COS - COS - 1 21 12] 

aa 
sna (s odd) 

1)((s - 2)/2)1 COS 
7rd 

a 

Also from power conservation 
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Appendix 6. Scattering parameter rormulae for an off-wt longitudinal slot in 

rectangular waveguide using the moment method 

Z9 :1 

Alon 
x Sil sin l(d+ 

w)-sin 
n(d- 

w) jý2a 
IaaI 

571 

'IV 21 2 cos #. I (s odd) 
s7r #2] 

12 
j cos P, I (s even) 

21 1 
st2 =I- (- IYSII 

The power radiated by the aperture can be calculated from power conservation 
(Appendix 5). 
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Moment method applied to round-ended slots 

A. J. Sangster, MSc. PhD. CEng. FIEE 
A. H. I. McCormick, MEng 

Indexing terms - Antennas (sloo. Antennas (theory) 

Abstract: Round-ended slot radiators in wave- 
guides remain difficult to analyse accurately using 
conventional techniques because these are, in 
general, incapable of accommodating other than 
square-ended slot models. This paper shows that a 
sectional-slot model can provide some improve- 
ment in theoretical performance for the moment 
method analysis of such slots 

Introduction 

The electromagnetic boundary value problem formed by 
a radiating aperture in a rectangular waveguide has 
received considerable attention in the literature over the 
past 40 years. The solutionto this problem presents for- 
midable analytical difficulties which have normally been 
eased by the adoption of certain simplifying assumptions. 
These simplifications have led to the evolution or three 
predominant methods or analysis. These are the diffrac. 
tion method [1], the variational method [2] and the 
moment method (3]. 

The progressive sophistication contained in these 
methods has permitted increasingly more realistic models 
to be analysed so that today the behaviour of a slot of 
any length, located with little restriction, in a wall of any 
thickness, can be predicted with some accuracy. For 
example the moment method, which uses a largely 
numerical approach to solye the integral equations, when 
applied to a longitudinal offset slot in the broad wall of a 
rectangular waveguide, predicts a resonant length which 
is only a few percent lower than the accurately measured 
value [4]. This residual inaccuracy can be attributed to 
three main factors. 

(a) inadequate modelling of field enhancement at sharp 
edges within the slot 

(b) inadequate modelling of rounded ends 
(c) neglection of the 'cross-polar' component of field in 

the slot. 
Some of these factors have already beed'addressed by 
other investigators. For example, the edge effect has been 
examined by Park [5] and Stern and Elliott (6], whereas 
correction factors to improve the correspondence 
between the square-ended slots which are used in theory 
and the round-ended slots which are used in practice 
have been suggested by Yee (7] and Josephsson (8). For 
naff ow slots which have large length-to-width ratios 
(such slots are almost always used in practical antennas) 
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form 16th February 1987 
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the cross-polar. or longitudinally directed, E-ficld com- 
ponent within the slot is so small that it can safely be 
neglected (2]. 

In this paper, the round-ended slot is reconsidered and 
an 'improved' theoretical model is postulated. It com- 
prises an axially sectioned slot geometry in which the sec. 
tions can have different lengths. This model is then 
analysed using a moment method and if trigonometrical 
rather than pulse basis junctions are used, it is found that 
computation times on a mainframe computer (Burroughs 
B6930) can be kept within reasonable bounds. For 
example, the calculation of the scattering parameters of a 
single slot at one frequency requires approximately 5 min 
of processor time when three basis functions and three 
sections are used. 

2 Mathematical formulation: square ended slot 

To enunciate the analytical procedures adopted to 
achieve an adequate mathematical description of the 
round ended-slot most clearly, it is convenient, first, to 
restate the integral equations (in matrix form) which are 
generated when the moment method is applied to the 
conventional square ended slot [3,9]. It should be noted 
that trigonometrical basis functions have been preferred 
for the reasons given in the introduction. The results are: 

(A] [q] [(a]] 
. 

[[h]] 
(1) 

[[D] 
[AO [b] (01 

where 
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fffliq 
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ff 
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Gýrlro)] - f. ic dSo 
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fff 
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ff 
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fff, 
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S, 3 

hi =- 
ff 

fj iq - (i x HAr)j dS (2e) 

G.. I, are the Greens functions of the waveguide, cavity 
and half-space, respectively, as illustrated in Figs. I and 2, 
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and I and f, arc the ham., runctioni. it, is the magnetic 
ficld compoiricnt of the rl: j, j incidcnt wave in the wave- 
guide. 

9,,, o nb 
/, 

*gion c 

YV 
regiono I 

yy 

X. -/ 
Fig. I Co-ordinate system of slotted waveguide 

upper surface 

A,. s, 

-- 

lower sur 

-1 

- 

A. s 
Fig. 2 Expanded view of slot 

M odif ied f ormulation f or round ended slot 

A round-ended slot can be modelled using the moment 
method by considering that the slot comprises the rec. 
tangular slices as illustrated, for n-3, in Fig. 3c. The 

T 

rT3 C 

Fig. 3 Views of slots 
a Rounded ended slot 
b Equivalent length rectangular slot 
e Sectioned slot 

essence of the modification in mathematical terms then 
lics in calculating the scif coupling for each section and 
the mutual coupling between the sections. 

Before detailing the development of the mathematics. 
the algorithm for determining the section lengths shall be 
stated: 

(a) set the length of the middle section equal to the 
length of the rounded slot 

(h) calculate the rcmaining length by setting the 
section width equal to w/3 and matching the area to that 
of the round-ended model 

W calculate the length of the equivalent squarc-endcd 
slot having the same width M and perimeter as the given 
round-cndcd slot. 
From the above, the following formulas are obtained: 

length of section 1.3 =L equivalent +1-! w (3) 
(2 

8) 

length of section 2=L equivalent +2-! w (4) 
2) 

In the current analysis the above split slot modification is 
applied to the inner surface of the slot only (see Fig. 2). 
The cavity and its outer surface are set equal to the 
length of the middle section. This minimises the compu- 
tation yet provides sufficient evidence to demonstrate the 
effectiveness of this procedure. In principle, however, the 
modification could be applied to both inner and outer 
surfaces of the slot 'cavity' and to the cavity itself, in a 
'thick' wall example. 

Eqn. 49 of Reference 9 gives the mathematical 
relationships describing the self-coupling processes within 
a single (i. e. individual) slot. For a divided slot compris. 
ing three equal width elements, this term can boee re- 
expressed as 

3 
Y_ i 

fji, - (-iy x H,,., ) ds (5) 
P. 1 4.1 ff 

SPI-4 where 
VV -A H= -jw, A. + (6) 
jCO, Uo to 

A, = to 
ff 

J. (r) - G. (rlro) dSo (7) 

S't(zo + 
ý2) 

J. = -i, sin L 
(8) 

and 

too Com G. e- r-12 - 101 
0 -0 2abr. 

x cos nltx cos nlcxo sin MIEY sin mItYo (9) 
aabb 

The integrals in eqn. 5 can be evaluated following pro- 
ccdures previously outlined in Reference 9 (see Appcn- 
dix 7). 

Discussion of results 

A computer program has been written to accommodate 
the analysis described in preceding Sections, and this 
program is capable of providing estimates of the radi- 
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ation or scattering charactcristics. in S-matnx or equiva. 
lent circuit form. of any longitudinal or transverse slot in 
(he broadwall of rectangular wavcguidc. To demonstrate 
the c1Tcctivcnv%. s of the program the particularly inter- 
esting caw or the resonance behaviour of a longitudinal 
offict slot in a rectangular wavcguide has been examined 
in %ome dctail. 

In Fig. 4, computer predictions are presented of the 
resonant length of a squarc-ended longitudinal slot as a 

100 

096 

094 

0901 
11 

. 0246 
offset, mm 

Fig. 4 Resonant length as a function of offset for a rectangular longi- 
tudinal slot 

x Stcm & Elliott's ciperimedtal results 
- moment method 
---- moment method (sectioned 
frequency -9 GHz, indth - 1.5875 mm, thickness - 0.127 mm 

function of its offset from the guide centre line. Two cases 
are presented, namely a conventional result and a sec. 
tioned slot result. Both cases use three trigonometrical 
basis functions. It can be seen that for this square-ended 
slot, example slot sectioning has very little effect on the 
computed results except for very large offsets. Clearly, 
therefore, there is little to be gained by sectioning for 
square-ended slots. Both curves show an approximate 
1% deviation from the measured results of Stem & 
Elliott [6]. Agreement of a similar quality has also been 
demonstrated for transverse slot radiators in the broad- 
face of rectangular waveguide. 

Moment methods using pulse [11] rather than trigo- 
nometric basis functions are equally accurate. It has been 
found that three trigonometric basis functions provide 
results which are of essentially the same accuracy as 20 
pulse functions (Fig. 5). 

However, in practical slotted waveguide antennas 
square-ended slots are almost never used. Round-ended 
slots are much more common. It is pertinent, therefore, 
to attempt to model the round-ended slots, as discussed 
earlier, and some results from this modelling are shown 
in Fig. 6. This Figure also contains some measured 
results due to Stegen [4] to assist in the assessment of the 
computer predictions. Two theoretical cases are shown 
each of which is intended to model the Stegen experi- 
ment. These are, first, a square-ended slot model, and sec. 
ondly a three-scction slot model. 

The Figure quite clearly demonstrates that the 
sectioned-slot model is an improvement, by as much as 
2%. on the conventional square-ended slot model, even 
for this relatively crude 3-section case moving the com- 
puted result to within 2-3% of the measured result. That 

sectioning can provide more accurate theoretical prcdic. 
tions is thus not in doubt. Unfortunately. increased sec. 
tioning (beyond three sections) produces only small 

1 16 

108 

--**0- 400000 

0.841 
046 

offset. fnm 

Fig. 6 Resonant length as a function of offset for various longitudinal 
slots 

Vu Khac IT - 1.27 mm) 
---- Vu Khac IT -0 mm) 

moment meth(W(T - 1.27 mm) 
moment nuthodIT -0 mm) 

1.16 

.4 
-j 1.00 - 

0.92- 

0.84. 

off Sel. mm 
Fig. 6 Resonant length as a function of offset for various longitudinal 
slots 

Stegen's experimental results 
square ended &lot 

---- 3-section &W 
frequency - 9.375 GHz, width - U175 mm thick ness - 1.27 mm 

additional improvements at the expense of dispro- 
portionate increases in computational effort. 

5 Conclusions 

The moment method of analysis of radiating slots in rec. 
tangular waveguides; has conventionally been applied to 
square-ended slots in thin-walled waveguides. This paper 
extends the analysis to round-ended slots in thick-walled 
waveguides by using slot sectioning on the inner surface 
of the slot. The slot cavity and the outer-slot surface are 
adjusted to accommodate this modification. The tech- 
nique is clearly more demanding in computational terms 
but not excessively so if trigonometrical basis functions 
are used. Improvements in accuracy or the order of 2% 
are observed for the predicted resonant lengths of longi- 
tudinal offset slots in thick-walled rectangular wave- 
guides. 

312 IEE PAOCEEDINGS, Vol. 134, Pl. H, No. J, JUNE 1987 



Referencos 

I HI: till:. If A 'Theory of diffraction by imall holei'. Phys. Rer. 
1944.66. pp 161 1142 

1 OIANI-R. A. A 'The impedince propert ie% of narrow radiating dots 
in the broadrace of rectangular waveguide'. IRE Trans.. 1957. AP-S. 
pp, 4 20 

1 HARRINGTON. R. F 
. 'Field computation by moment methMs' 

(Macmillan 196X) 
4 STF(; EN. RJ - 'Longitudinal ihunt %lot characteristics'. Hughes 

To. linical Merno . 161. Hughei Aircraft Co.. USA. 1951 
5 PARK. P. K.: 'Characteniation of'slots in rectangular waveguide by 

meth(vJ of moments with proper edge condition'. IEEE Internation. 
al Symposium on Antennas and Propagation. 1982. pp. 572-574 

6 STERN. G. T.. and ELLIOTT. R. S.: 'Resonant length of longitudi- 
nal slots and validity of circuit representation: theory and experi- 
ment'. IEEE Tranx.. 19M5. AP-33, It 1). pp. 1264-1271 

7 YEE, H. Y.: 'Impedance of a narrow longitudinal shunt slot in a 
slotted waveguide array', IEEE Trans., 1974, AP-22. pp. 589-592 

8 JOSEFSSON. L.: 'Analysis of longitudinal slots in rectangular 
waveguides'. Proceedings of URSI International Symposium EM 
wave theory. Budapest. Hungary, 1986, pp. 367-369 

9 LYON. R. W. and SANGSTER, AJ.: 'EMcicnt moment method 
analysis of radiating slots in a thick-walled rectangular waveguide', 
IEE Proc. It. Microwaves. Opt. & Antennas. 1981,123. (4k pp. 
197-205 

10 BUTLER, C. M., RAHMAT-SAMII. Y., and MITTRA, R.: 'Electro. 
magnetic penetration through apertures in conducting surfaces% 
IEEE Trans.. 1978, AP-26. pp. 92-93 

11 VU KHAC, T.: 'Studies of slot discontinuities in rectangular wave. 
guides'. PhD Thesis. Monash University. 1974 

12 VAN BLADEL, J.: 'Contribution of the #k - constant mode to the 
modal expansion in waveguide'. IEE Proc. H. Microwave. Opt. A 
Antennas. 1981. IM (5). pp. 247-251 

13 VU KHAC. T-V. and CARSON. C. T.: 'm - 0. n-0 mode and 
rectangular-waveguide slot discontinuity', Electron. Lett., 1973,9, 
(I 8L pp. 431432 

7 Appendix 

The integrals involved in expr. 5 are conveniently divided 
into two types; those associated with the self coupling 
terms and the mutual coupling terms for sections of equal 
length, and those associated with the mutual coupling 
terms for sections of unequal length. 

in the former case, eqn. 5 may be solved for the first 
sections in conjunction with eqns. 6-9 to give, after some 
mathematics, terms of the following form: 
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and x. and xb arc the offsets for the sections in question 
and W, = W13. 

In the latter case eqn. 5 is solved with different limits 
of integration due to the differing section lengths, and 
produces terms which arc typically of the form: 

for n=0 

2( iL2 L. 
+ 

Lb 

. 2_, sn JWEO 
W, s2aLb 1)' sin - 

(2 
2). 

ab L. 
sL, 

)'] 

. 
[, - 

(, L 

Le L6 

. 

)']y(n. 
s)] - sin L. + 

Lb)21 
La Lbj m- ,n rl i+ -L r.. L. 

)2 ][l 
+ 

(T.. 

Lb sli 

for n-0 X 
[jeXp 

r_. 
(ý. 

_ 
ýb ) 

jeoco 
W2 -L +I- 

(is7L-1)2)(ý 

1VX ab 

)27(n, 
s))j 

22 

- L Lb 
exp 2 2) + 

I-r. 
-( 

x Lsis + (S' + -kL Iy exp r" 
2 -4; + 

A 

+ 
k 

x (10a) 

I 

L. b 1+( 
- + 

(- ! 'X' ý-P - (- 1), exp r. 
L )] P (2 

-2 (Ila) 
J] 

ý- 
-L) 

7 L) 

and for n00 and for n 0- 0 
nn X. + 

ý") 
)2 

( 
jc0co 21 ai X. + nic( 2 ( 2 

( 

n7r 
S n 

a 2ab ut j ) 
;a _' 

LEO 
- sin ( 
n 2ab .. I kin a 

WI ' n+. - 
) 

n7t x6 + 
2 2 

) 
n7t 

sin - sin aa - sin 
a 

Wt W, 1 1 
) 

nn(Xb - 2 
- sin -I 

x 
s)jLJ 

nn(xb + nn 2( 
x sin sin 

xb - 2 
) 

a a) x 
,, 

a a 
JEE PROCEEDINGS, Vol. 134, P1. H. No. 3. JUNE 1987 313 



Sn(L. + 
L") 

I)' sin 
22 

sL. 

sin 
t Yl 

S) L. 
(n) 

U. 
a 

-An. 

Sn(L. + 
L") 

I)' sin 
22 

sL. 

sin 
t Yl 

S) L. 
(n) 

U. 
a 

-An. 

Sn(L. + 
L") 

I)' sin 
22 

sL. 

sin 
t Yl 

S) L. 
(n) 

U. 
a 

-An. 

Sn(L. + 
L") 

I)' sin 
22 

sL. 

sin 
t Yl 

S) L. 
(n) 

U. 
a 

-An. 

Sn(L. + 
L") 

I)' sin 
22 

sL. 

sin 
t Yl 

S) L. 
(n) 

U. 
a 

-An. 

Sn(L. + 
L") 

I)' sin 
22 

sL. 

sin 
t Yl 

S) L. 
(n) 

U. 
a 

-An. 

Sn(L. + 
L") 

I)' sin 
22 

sL. 

sin 
t Yl 

S) L. 
(n) 

U. 
a 

-An. 

Sn(L. + 
L") 

I)' sin 
22 

sL. 

sin 
t Yl 

S) L. 
(n) 

U. 
a 

-An. 

Sn(L. + 
L") 

I)' sin 
22 

sL. 

sin 
t Yl 

S) L. 
(n) 

U. 
a 

-An. 



References 

Number 

2.1 Bethe, H. A., "Theory of diffraction by small holes", Physical 

Review, Vol. 66, pp. 163-182,1944. 

2.2 Levine, H., & Schevinger, J., "On the theory of 

electromagnetic wave diffraction by an aperture in an 

infinite plane conducting screen", Symp. of the theory of 

e. m. waves, p. 355,1950. 

2.3 Oliner, A. A., "The impedance properties of narrow radiating 

slots in the broadface of rectangular waveguide", IRE Trans., 

vol. AP-5, pp. 4-20,1957. 

2.4 Sangster, A. J. & Hawkins, D. C., "Scattering parameters of an 

arbitrarily shaped aperture in waveguide", Proc. IEE, Vol. 

119, pp. 1465-1466,1972. 

2.5 Das, B. N., & Sanyal, G. S., "Network parameters of a waveguide 

broadwall slot radiator", Proc. IEE, Vol. 117, No. 11 pp. 41- 

44,1970. 

2.6 Harrington, R. F., "Field computation by moment methods", 

Macmillan 1968. 

2.7 Vu Khac, T. . "Studies of slot discontinuities in rectangular 

waveguides". Ph. D. Thesis, Monash University, 1974. 



2.8 Lyon, R. W. & Sangster, A. J., "Efficient moment method 

analysis of radiating slots in a thick-walled waveguide", 

Proc. IEE, Vol. 128, Pt. H, No. 4, pp. 197-205,1981. 

2.9 Sangster, A. J. & McCormick, A. H. I., "Some observations on the 

computer aided design/synthesis of slotted waveguide 

antennas", Int. J. Electronics, Vol. 62, No. 5, pp. 641-662, 

1987. 

2.10 Lord Rayleigh, "On the incidence of aerial electric waves 

upon small obstacles in the form of ellipsoids or elliptic 

cylinders, and on the passage of electric waves through a 

circular aperture in a conducting screen", phil. Mag., Series 

5, Vol. 4, pp. 28-52,1897. 

2.11 Stratton, J. A. f "Electromagnetic theory"t (McGraw-Hill, 

1941). 

2.12 Bouwkamp, C. J., "On Bethe's Theory of Diffraction by Small 

Holes", Philips Res. Rep. 5, pp. 321-332,1950. 

2.13 Levine, H. and Schwinger, J., "On the Theory of Diffraction 

by an Aperture in an Infinite Plane Conducting Screen", 

Symposium on the Theory of Electromagnetic waves, June, 1950. 

2.14 Watson, W. H., "Resonant Slots", IEE Journal Vol 93, Part 3A, 

pp. 747-777f 1946. 



2.15 Stevenson, A. F., "Theory of slots in rectangular waveguide", 

Jour. App. Phys., Vol. 19, pp. 24-38t 1948. 

2.16 Marcuwitz, N. & Schwingerl J., "On the Representation of 

the Fields Produced by Currents and Discontinuities in 

Waveguides", Jrnl. Appl. Phys., Vol. 22, pp. 806-819,1951. 

2.17 Lewin, L. F "Advanced Theory of Waveguides", Iliffe and Sons, 

1951. 

2.18 Marcuwitz, N., "The Representation, Measurement and 

Calculation of Equivalent Circuits for Waveguide 

Discontinuities With Application to Rectangular Slots", 

Poly. Inst. of Brooklyn Rept., 1949. 

2.19 Larson, R. W. & Powers, V. M., "Slots in dielectrically 

loaded waveguiden, Radio science, vol 1 (New series), 

pp. 31-35r 1966. 

2.20 Bailey, M. C., "The impedance properties of dielectric covered 

narrow radiating slots in the broad face of a rectangular 

waveguide", IEEE Trans, vol A-181 pp. 96-603,1970. 

2.21 Sangster, A. J. & Hawkins, D. C., "Radiating Apertures in 

Corrugated Rectangular Waveguide", Electronic Letters, Vol. 

15, pp. 329-331,1973. 

2.22 Harrington, R. F. j "Time-Hamonic electromagnetic fields", 

(McGraw-Hill, 1961). 



2.23 Vu Khac, T., "Solution of some waveguide discontinuities by 

the method of moments", IEEE Trans., Vol. MTT-201 pp416-417f 

1972. 

2.24 Vu Khact T. & Carsont C. T., "Coupling by slots in rectangular 

waveguide with arbitrary wall thickness", Electronic Letters, 

Vol. 8, pp456-458,1972. 

2.25 Vu Khac, T. & Carsont C. T. t "Impedance properties of 

longitudinal slot antenna in the broadface of rectangular 

waveguide", IEEE Trans., Vol. AP-21, pp. 708-710,1973. 

2.26 Sangster, A. J. & Lyon, R. W., "Moment method analysis of a 

T-shaped slot radiator in bifurcated waveguide", IEE Proc. 

Vol. 129, Pt. H, No. 6, pp299-306,1982. 

2.27 Lyon, R. W. & Hizal, A., "A moment method analysis of narrow 

dielectric covered rectangular slots in the broadwall of 

waveguide", Proceedings of International Conference on 
Antennas & Propagation, pp. 150-31 1983. 

2.28 Stern, G. T. & Elliott, R. S., "Resonant length of longitudinal 

slots and validity of circuit representation: theory and 

experiment". IEEE Trans., Vol. AP-33, No. 11, pp. 1264-1271, 

1985. 

2.29 Park, P. K., "Characterization of slots in rectangular 

waveguide by method of moments with proper edge condition", 

IEEE Int. Symp. AP-S 1982, pp. 572-574. 



2.30 Van Bladel, J., "Small hole coupling of resonant cavities and 

waveguides", IEE Proc., Vol. 117, ppl098-1104,1970. 

2.31 Van Bladell J., "Small holes in a waveguide wall", Proc. IEE, 

Vol. 1181 No. 11 pp. 43-50, Jan. 1971. 

2.32 Levy,, R., "Analysis and synthesis of waveguide multi-aperture 

directional couplers", IEEE Trans., Vol. MTT-161 pp. 995- 

1006,1968. 

2.33 Cohn, S. B., "Electric polarisability of apertures of 

arbitrary shape", IRE Proc., Vol. 40, pp. 1069-1071,1952. 

2.34 McDonald, N. A., "Electric and magnetic coupling through small 

apertures in shield walls of any thickness", IEEE Trans., 

Vol. MTT-201 pp. 689-695,1972. 

2.35 Levy, R., "Improved single and multi-aperture waveguide 

coupling theory", IEEE Trans., Vol. MTT-281 No. 4, pp. 331- 

338,1980. 

2.36 Collin, R. E., "Rayleigh scattering and power conservations", 

IEE. Trans., Vol. AP-291 No. 5f pp795-798, Sept. 1981. 

2.37 Cheng, D. K., "Generalised hybrid network parameters for 

electromagnetic coupling between dissimilar regions through a 

small aperture", IEE Proc. f Vol. 129, Pt. H, No. 6, pp. 325- 

332,1982. 



2.38 Schelkunoff, S. A., nA mathematical theory of linear arrays", 

BSTJ, 22, pp80-107,1943. 

2.39 Dolph, C. L., "A current distribution for broadside arrays 

which optimizes the relationship between beam width and side- 

lobe level", Proc. IRE 34, pp. 335-348,1946. 

2.40 Balakrishnan, N. & Sethuraman, R., "Easy generation of Dolph- 

Chebyshev excitation coefficients", Proc. IEEE, 1981,69, 

(11), pp. 1508-1509. 

2.41 Zielinski, A., "Matrix formulation for Dolph-Chebyshev beam- 

forming", Proc. IEEE, 74, (12), pp. 1799-1800. 

2.42 Barbiere, D.,, "A method of calculating the current 

distribution of Tchebyscheff arrays", J. Appl. Phys., 1954f 

25, (1), pp. 121-124. 

2.43 Van der Maas, G. J., "A simplified calculation for Dolph- 

Tchebyscheff arrays", J. Appl. Phys., 1954,25t (1), pp. 

121-124. 

2.44 Salzer, H. E., "Note on the Fourier coefficients for Chebyshev 

patterns", Proc. Inst. Elec. Eng. (London), 1956.103C, pp. 

286-288. 

2.45 Brown, J. L., Jr, "A simplified derivation of the Fourier 

coefficients for Chebyshev patterns", Proc. Inst. Elec. Eng. 

(London), 1957,105C, pp. 167-168. 



2.46 Brown, J. L. Jr, "On the determination of excitation 

coefficients for a Tchebyscheff patternut IRE Trans. Antennas 

Propagat., 1962,10, pp. 215-216. 

2.47 Bresler, A. D., "A new algorithm for calculating the current 

distribution of Dolph-Chebyshev arrays", IEEE Trans. Antennas 

Propagat, 1980,28, (6), pp. 951-952. 

2.48 Ares, F. & Moreno, E. "New Methods for Computing Dolph- 

Chebyshev arrays and its comparison with other methodsur IEE. 

Proc Vol 135. Pt H, No 2,1988. 

2.49 Taylor, T. T., "Design of line-source antennas for narrow 

beamwidth and low side lobes. '", IRE Trans. Antennas 

Propogat. 3,16-28 (1955). 

2.50 Woodward, P. M. r "A method of calculating the field over a 

plane aperture required to produce a given polar diagram", 

J. Inst. Elec. Eng., (London), pt. IIIA, vol. 93, pp. 

1554-1558,1947. 

2.51 Schell, A. C. and Ishimaru, A., "Antenna pattern synthesis", 
in Antenna Theory, Part It Collin, R. and Zucker, F. r Eds. 

New York: McGraw-Hill, 1969. 

2.52 Steyskal, H., "On antenna power pattern synthesis", IEEE 

Trans. Antennas Propagat., vol. Ap-18, pp. 123-124, Jan., 

1970. 



2.53 Stutzman, W. L., "Synthesis of shaped-beam radiation patterns 

using the iterative sampling method", IEEE Tans. Antennas 

Propagat., vol. AP-19, pp. 36-41, Jan. f 1971. 

2.54 Fong, T. S. & Birgenheier R. A., "Method of conjugate gradients 

for antenna pattern synthesis", Radio Sci., vol. 6, pp. 1123- 

1130, Dec., 1971. 

2.55 Chakraborty, A., Das, B. N. & Sanyall G. S. j "Detemination of 

phase functions for a desired on-dimensional pattern", IEEE 

Trans. Antennas Propagat., vol. AP-29,, pp. 505-506, May, 

1981. 

2.56 Chakraborty, A., Das, B. N. & Sanyall G. S., "Beam shaping 

using nonlinear phase distribution in a uniformly spaced 

array", IEEE Trans. Antennas Propagat., vol. AP-301 pp. 1031- 

1034, Sept, 1982. 

2.57 -Elliott, R. S., & Stern, G. J., "A new technique for shaped 

beam synthesis of equispaced arrays", IEEE Trans. Antennas 

Propagat., vol. AP-32, No. 10, pp. 1129-1133,1984. 

2.58 Tsunoda, Y. & Goto, N., "Non uniformly spaced slot area 

antenna with low side lobe pattern"i IEE Proc. vol. 133 

Pt. H, No. 2 pp. 155-158,1986. 

2.59 Fry, D. W., liSlotted linear arrays", j. Inst. Elec. Eng., 

Part 3 93, pp. 43-45,1946. 



2.60 Kaminow, L. P. & Stegen, R. J., "Waveguide Slot Array Design'll 

Tech. Memo. No. 348 (AD 63 600), pp. 64-66. Hughes Aircraft 

Co., ASTIA, Airlington, Virginia, 1954. 

2.61 Dion, A., "Nonresonant slotted arrays", IRE Trans. Antennas 

Propagat. 6, pp. 360-365,1958. 

2.62 Jasik, H., "Antenna Engineering Handbook", McGraw-Hill, 1961. 

2.63 Collin, R. E. & Zucker, F. J., "Antenna Theory", Pt. 1, McGraw- 

Hill, 1969. 

2.64 Young, L. j "Advances in Microwaves", Academic Pressf 1971. 

2.65 Edelberg, S. & Oliner, A. A., "Mutual coupling in large 

antenna arrays, Pt. 1 slot arrays", IRE Trans. Antennas 

Propagat. vol. AP-8, pp. 286-297, May, 1960. 

2.66 Edelberg, S. & Oliner, A. A. I. "Mutual coupling in large 

antenna arrays, Pt. 2 compensation effects"# IRE Trans. 

Antennas Propagat. vol AP-8, pp. 360-367, July, 1960. 

2.67 Ehrlich, J. J. & Short, J., "Mutual coupling considerations in 

linear slot array design, Proc. IRE, vol. 42, pp. 956-961, 

June, 1954. 

2.68 Kay, A. F. & Simmons, A. J., "Mutual coupling of shunt slots", 

IRE Trans. Antennas Propagat. vol. AP-8, pp. 389-400, July, 

1960. 



2.69 Elliott, R. S. & OfLoughin, W., "The design of slot arrays 

including internal mutual coupling", IEEE Trans. Antenna 

Propagat. vol. AP-34, No. 9, pp. 1149-1154,1986. 

2.70 Das, B. N. & Sanyal, G. S., "Mutual impedance between two 

resonance slot radiators", IEE Proc. vol. 118t No. 11, 

pp. 1535-1538,1971. 

2.71 Booker, H. G., "Slot aerials and their relationship to 

complementary wire aerials (Babinet's Principle)", JIEE 

(London), 93, Part IIIA, pp. 620-626,1946. 

2.72 Carter, P. S., "Circuit relations in radiating systems and 

applications to antenna problems", Proc. IRE, Vol. 20, pp. 

1004-1041t June 1932. 

2.73 Brown, G. H., "Directional antennas"# Proc. IRE, Vol. 25, pp. 

78-145, January 1937. 

2.74 Cox, C. R., "Mutual impedance between vertical antennas of 

unequal heights", Proc. IRE, Vol. 35, pp. 1367-1370, November 

1947. 

2.75 King, H. E., "Mutual impedance of unequal length antennas in 

echelon", IRE Trans. on Antennas and Propagation, Vol. AP-5r 

pp. 306-313, July 1957. 



2.76 Baker, H. C. & Lagrone, A. H., "Digital implementation of the 

mutual impedance between thin dipoles", IRE Trans., Vol. AP- 

10, pp. 172-178,1962. 

2.77 Hansen, R. C. F "Formulation of echelon dipole mutual impedance 

for computation", IEEE Trans., Vol. AP-20l pp780-781p 1972. 

2.78 Hansen, R. C. & Brunner, G., "Dipole mutual impedance for 

design of slot arrays", Hicrowave Journalf pp54-56, Dec. 

1979. 

2.79 Elliott, R. S. & Kurtz, L. A., "The design of small slot 

arrays"t IEEE Trans., Vol. AP-26, No. 2, pp. 214-219,1978. 

2.80 Elliott, R. S., "On the design of travelling wave-fed 

longitudinal shunt slot arrays", IEEE Trans., Vol. AP-27, No. 

5, pp. 717-720,1979. 

2.81 Elliott, R. S., "An improved design procedure for small arrays 

of shunt slots", IEEE Trans., AP-31, No. 1, pp. 48-53t 1983. 

2.82 Malherbe, J. A. G. & Davidson, D. B. j "Mutual impedance for 

half-cosinusoid slot voltage distribution: an evolution", 

IEEE Trans., Vol. AP-321 No. 9, pp. 990-991,1984. 

3.1 Lyon, R. W., "An investigation of apertures in dual mode 

rectangular waveguide for variable polarisation arrays", 

PhD thesis, Heriot Watt University, 1979. 



3.2 Kantorovich, L. V. & Krylov, V. i., "Approximate methods of 

higher analysis", Fourth edition (translated Benster, C. D. ) 

John Wiley & Sons Inc., New Yorkr 1959. 

3.3 Jones, D. S., "A critique of the variational method in 

scattering problems", IRE Trans. Antennas Propagat. vol. AP-4 

No. 3r pp. 297-301,1956. 

3.4 Collin, R. E. r "Field theory of guided waves", McGraw Hill 

Book Co., 1960. 

3.5 Collin, R. E., "On the incompleteness of E and H modes in 

waveguides", Can. J. Phys., vol. 51, pp. 1135-1140,1973. 

3.6 Rahmat-Samii, Y., "On the question of computation of dyadic 

Green's function at the source region in waveguides and 

cavities", IEEE Trans., vol. MTT-23, pp. 762-765,1975. 

3.7 Vu Khac, T. & Carson, C. T., "m = 0, n=0 mode and 

rectangular-waveguide slot discontinuity", Electron. Lett. f 
1973,91 pp. 431-432. 

3.8 Van Bladel, J., "Contribution of the V= constant mode to the 

modal expansion in waveguide", IEE Proc., Vol. 128, Pt. H, 

pp. 247-251,1981. 

3.9 Silver, S., "Microwave antenna theory and design", Dover 

Publication Inc., New York, 1965. 



3.10 Josefsson, L. r "Analysis of longitudinal slots in rectangular 

waveguides", Proc. URSI Int. SyMp. EM Wave Theory, Budapest 

pp. 367-369,1986. 

3.11 Sinhal S. N., "A generalised network formulation for a class 

of waveguide coupling problems"t Proc. IEEI Vol. 134, Pt. Hy 

No. 6, pp. 502-508t 1987. 

3.12 Yee? H. Y. t "Impedance of a narrow longitudinal shunt slot in 

a slotted waveguide array", IEEE Trans. Antennas Propagat., 

AP-22,1974, pp. 589-592. 

3.13 Wang, H. & Wan, W., "Moment method analysis of a feeding 

system in a slotted-waveguide antenna", IEE Proc. Pt. Hp 

(to be published). 

4.1 Sangster, A. J. & McCormick, A. H. I., "The moment method 

applied to round-ended slots", Proc. IEEI Vol. 134, Pt. H, 

No. 3, pp. 310-314,1987. 

4.2 Putman, J. L. F "Input impedances of centre fed slot aerials 

near half-wave resonance"., Jour IEEI Vol. 95, pt. IIIAr pp. 

290-294,1948. 

4.3 Crompton, J. W., , Impedance/frequency characteristics of some 

slot aerials"t Jour. IEEI Vol. 96, pt. IIIA, pp. 39-44,1949. 

4.4 Watson, W. H., "The physical principles of waveguide 

transmission and antenna systems", (Clarendon Press, 1947). 



4.5 Sangster, A. J. & McCormick, A. H. I., "Resonance 

characteristics of waveguide slot radiators with moderate 

width to length ratios", Proc. IEE, Pt. H, (To Be Published). 

4.6 Stegen, R. J. p "Longitudinal shunt slot characteristics", 

Hughes Tech. Memo. 261, Hughes Aircraft Co., U. S. A., 1951. 

5.1 Wong, N. F., Tang, R. & Okubor G. A., "Investigation of 

characteristics and practical implementation of arbitrary 

polarised radiators in slot arrays", Hughes Aircraft Co., 

Ground Systems Group, Fullerton, California, U. S. A., Feb. 

1971. 

5.2 McGrane, A., "Characterisation of slots in waveguide using a 

resonant cavity technique"t Plessey Radar Ltd, Radar and 

Environmental Systems Unit Report, IWR 3070, Isle of Wight, 

1979. 

6.1 Elliott, R. S., "Antenna theory and design", (Prentice Hall 

Inc., 1981). 

6.2 Rudge, A. W., "The handbook of antenna design", Vol. 2, (Peter 

Peregrinus Ltd., London, 1983). 

6.3 Mautz, J. R. & Harrington, R. F., "Computational methods for 

antenna pattern synthesis", IEEE Trans., Vol. AP-23, No. 4, 

pp. 507-512, July 1975. 



6.4 Narasimhan, M. S. j Varadarangan, K. & Christopher, S., "A new 

technique of synthesis of near or far-field patterns of 

arrays", IEEE Trans., Vol.? AP-34l No. 6, pp. 773-778, June 

1986. 

6.5 Ng, T. S., "Generalised array pattern synthesis using the 

projection matrix", Proc. IEE, Vol. 132, Pt. H, No. 1, pp. 

44-46, February, 1985. 

6.6 Elliott, R. S. F "Longitudinal shunt slots in rectangular 

waveguide: Pt. 11 Theory", Rantec, Calabasa, California, 

Rantec Report No. 72022 - TN - 1. 

6.7 Sangster, A. J. & Hawkins, D. C., "The design of the AR3D 

antenna", Plessey Radar Ltd., Isle of Wight laboratory, 

IWR 2603,1972. 

8.1 Elliott, R. S. & Johnson, R. N., "Experimental results on a 

linear array for asymmetric side lobes", IEEE Trans. Antennas 

Propagat., vol. AP-26, pp. 351-352,1978. 

8.2 Bergmann, J., Brown, R. C., Clarricoats, P. J. B. & Zhoul H. 

"Synthesis of shaped beam reflector antenna patterns", IEE 

Proc. Pt. H, vol. 135, No. 1, pp. 48-53, Feb., 1988. 

8.3 marcuvitz, N., "Waveguide handbook", McGraw-Hill Inc., 1951. 

9.1 Das, B. N., Rajul G. S. N. & Chakraborty, A., "Investigation on 

a new type of inclined slot coupled T-Junction", IEE Proc. 



Pt. H, Vol. 134, No. 5, pp. 473-476,1987. 

A1.1 Sangster, A. J. & Hawkins, D. C., "Analysis of a non resonant 

slot in waveguide", Plessey Radar Ltd., Isle of Wight 

laboratory, IWR 2503,1971. 

A1.2 Hildebrand, F. B., "Introduction to numerical methods", 

McGraw-Hill, 1956. 

0 


