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become so enchanted with high-powered computers that they simply feed the machine some wonderful ...... fly in a 1-kW transmitter and meticulously measure the temperature rise at seven agreed-upon ...... Copper test kite - 18 inch width. Fig. 
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Foreword



It has often been said that a good teacher must have a number of attributes, among which are true expertise in the subject to be taught, and, just as important, the ability to put the subject across to the students, regardless of its complexity. We have all suffered under instructors who got straight A’s as students, but who never understood how their own students did not do as well because the material was presented as if it should be obvious. Professor Ben Munk has no problems in either regard. In this book, Ben treats a number of subjects related to antennas and both their intended usage as transmission or reception devices, as well as the important (these days) radar cross section (RCS) that they can contribute. A constant theme behind the presented results is how often investigators approach the problem with no apparent understanding of the real-world factors that bear heavily on the practicality and/or quality of the result. He takes issue with those who have become so enchanted with high-powered computers that they simply feed the machine some wonderful equations and sit back while it massages these and “optimizes” a result. Sad to say, Ben has been able to document all too many examples to prove his point. All this is not intended in any way to say that powerful computers are useless. Far from it. Without the use of such machines, much of the work described herein could not have been done in a lifetime, but the approach has to be controlled by investigators who understand the physics and electromagnetic realities that make a solution truly optimal and practical. Throughout this book, Ben makes excellent use of the work he described in his ﬁrst book, Frequency Selective Surfaces, in which he demonstrated how what he called the “Periodic Moment Method” could be used to obtain excellent results for problems previously hampered by “micro” calculation methods. His array xvii
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theory approach, combined appropriately with the detailed “method of moments,” produced successful solutions to a number of critical problems. Here he further applies this approach and gives many examples of problems solved by himself and his graduate associates, with the goal of teaching by practical example. This is done by walking the reader, case by case, through the basic technology that applies, then to a logical solution. He then gives hard results to validate what was done, and then, to quickly bring the reader up to speed, he provides a problem or two for solution without further guidance. Throughout all this, Ben uses his wonderful sense of humor to make various points, which goes a long way in making this book anything but tedious. Saying that about a book on heavy electromagnetic theory and design is certainly a far cry from the usual. His sections on “Common Misconceptions” are his way of highlighting how often “results” are developed and publicized without the necessary understanding of the basic rules of the game. He calls a spade a spade, for sure, and there may well be some who, though unnamed, might feel a twinge after reading these sections. All in all, this is an excellent book that will certainly beneﬁt any serious investigator in the technology areas it discusses. Highly recommended! WILLIAM F. BAHRET Mr. W. Bahret was with the United States Air Force but is now retired. From the early 1950s he sponsored numerous projects concerning radar cross section of airborne platforms—in particular, antennas and absorbers. Under his leadership grew many of the concepts used extensively today—for example, the metallic radome. In fact he is considered by many to be the father of stealth technology. BEN MUNK Wow!! The former student (now a professor emeritus) has succeeded in advancing the former teacher’s (an even older professor emeritus) knowledge of array design tremendously. The information contained in this book is going to change the way that large, broadbanded arrays are designed. This also leads to new insights in the area of antenna scattering. I strongly recommend it to the designers of such arrays. The concept of starting a ﬁnite array design from an inﬁnite array is a remarkable one. A simple example of why I make this comment comes to mind. I was reading the papers in the December 2002 IEEE Magazine which discuss the transmission of power to earth from space. Several problems with interference created by reradiation of energy at harmonic frequencies were discussed. I could see potential cures simply from scanning the initial chapters. I would also be interested in applying these concepts to my current research namely, time-domain groundpenetrating radar (GPR). Some neat antennas may become practical. Those who have read Ben’s ﬁrst book, Frequency Selective Surfaces, Theory and Design, will recall that I also wrote the Foreword to it. I was his teacher,
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project supervisor, and later co-worker on much of that material. In reading it, I would turn pages and simply agree with many of the concepts. At this time I have only scanned some of the chapters of the present book. For what I have seen thus far, I would scan a part of it and simply say, “Wow.” The reader should understand that there were points where I would have said, “Bet a Coke” (Ben and I used to bet a Coke every time we disagreed. Neither of us ever paid up.). These points are provocative to those readers with an interest in antenna scattering and should make those readers think carefully about them but most of them are resolved when one recalls that the emphasis of this book is on arrays. This book is a must for anyone involved in the design of large arrays. I fully intend to read it very carefully after it is published. Finally, I would observe that Ben’s comments about the review of journal papers are borne out of frustration. While Ben has worked in these areas throughout his career, most of his work was at that time classiﬁed. Thus when a paper in these general areas was published, he saw various ﬂaws because of his experience but he could not comment. Neither the paper’s author nor the reviewers, not having Ben’s unique background, would see these ﬂaws. The problem is in reality created by the necessity of security. This same factor has led to the very interesting sections he has titled “Common Misconceptions.” Columbus, Ohio
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Leon Peters, Jr., was a professor at the Ohio State University but is now retired. From the early 1960s he worked on, among many other things, RCS problems involving antennas and absorbers. In fact, he became my supervisor when I joined the group in the mid-1960s. BEN MUNK
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Why did I write this book? The approach to engineering design has changed considerably over the last decades. Earlier, it was of utmost importance to ﬁrst gain insight into the physics of the problem. You would then try to express the problem in mathematical form. The beauty here was, of course, that it then often was quite simple to determine the location of the extreme values such as the maxima and minima as well as nulls and asymptotic behavior. You would then, in many cases, be able to observe which parameters were pertinent to your problem and in particular which were not. It was then followed by actual calculations and eventually by a meaningful parametric study that took into account what was already observed earlier. The problem with this approach was, of course, that it required engineers and scientists with considerable insight and extensive training (I deliberately did not say experience, although it helps). However, not everyone that started down this road would ﬁnish and not without a liberal dose of humiliation. It is therefore quite understandable that when the purely numerical approaches appeared on the scene, they soon became quite popular. Most importantly, only a minimum of physical insight was required (or so it was thought). The computers would be so fast that they would be able to calculate all the pertinent cases. These would then be sorted out by using a more or less sophisticated optimization scheme, and the results would be presented on a silver platter completely untouched by the human mind. It would be incorrect to state that the numerical approach has failed. It has in many cases produced remarkable results. However, the author is keenly aware of several cases that have been the subject of intense investigation for years and still have not produced a satisfactory solution, although some do exist—most often xxi
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because the computer has been directed to incorporate all kinds of parameters that are alien to this particular problem. Or lack of physical insight has prevented the operator from obtaining a meaningful parametric study—for example, in cases where a solution does not exist in the parametric space considered. The author has watched this development with considerable concern for several years. One of his colleagues stated recently that a numerical solution to a somewhat complex problem of his could only be used to check out speciﬁc designs. An actual optimization was not possible because of the excessive computer time involved. That almost sounds like an echo of other similar statements coming from the numerical camp. A partial remedy for this calamity would be, of course, to give the students a better physical understanding. However, a fundamental problem here is that many professors today are themselves lacking in that discipline. The emphasis in the education of the younger generation is simply to write a computer program, run it, and call themselves engineers! The result is that many educators and students today simply are unaware of the most basic fundamentals in electromagnetics. Many of these shortcomings have been exposed at the end of each chapter of this book, in a section titled “Common Misconceptions.” Others are so blatantly naive that I am embarrassed to even discuss them. What is particularly disturbing is the fact that many pursue these erroneous ideas and tales for no other reason than when “all the others do it, it must be OK!” Neither this book nor my earlier one, Frequency Selective Surfaces, Theory and Design, make any claims to having the answers to all problems. However, there are strong signals from the readers out there that they more and more appreciate the analytic approach based on physical understanding followed up by a mathematical analysis. It is hoped that this second book will be appreciated as well. The author shared this preface with some of his friends in the computational camp. All basically agreed with his philosophy, although one of them found the language a bit harsh! However, another informed him before reading this preface that design by optimization has lately taken a back seat as far as he was concerned. Today, he said, there is a trend toward understanding the underlying mathematics and physics of the problem. Welcome to the camp of real engineering. As they say, “there is greater joy in Heaven over one sinner who makes penance than over ninety-nine just ones.” Columbus, Ohio
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incident electric ﬁeld at R in medium m reﬂected electric ﬁeld of R in medium m frequency onset frequency of grating lobe Fourier transform of f (t), not necessarily a function of time magnetic ﬁeld of R in medium m incident magnetic ﬁeld at R in medium m reﬂected magnetic ﬁeld at R in medium m Hankels function of the second kind, order n and argument x current along element in column q and row m indices for the spectrum of plane, inhomogeneous waves from an inﬁnite array distance from a reference point to an arbitrary point on the element total element length inﬁnitesimal element length element length of Hertzian dipoles magnetic current density total magnetic current in slots unit vector orthogonal to dielectric interface pointing into the dielectric medium in question
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unit vector(s) orthogonal to the planes of incidence or reradiation in medium m unit vector(s) parallel to the planes of incidence or reradiation in medium m integers orientation vector for elements orientation vector for element section p orientation vector for element section p in array n scattering pattern function associated with element section p transmitting pattern function associated with element section p scattering pattern function associated with element section p in medium m orthogonal and parallel pattern components of scattering pattern in medium m
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1 Introduction



1.1 WHY CONSIDER FINITE ARRAYS?



The short answer to this question is, Because they are the only ones that really exist. However, there are more profound reasons. Consider, for example, the inﬁnite × inﬁnite array shown in Fig. 1.1. It consists of straight elements of length 2l, and the interelement spacings are denoted Dx and Dz as shown. Such an inﬁnite periodic structure was investigated in great detail in my earlier book, Frequency Selective Surfaces, Theory and Design [1]. There the underlying theory and notation for the Periodic Moment Method (PMM) is described. It became the basis for the computer program PMM written by Dr. Lee Henderson as part of his doctoral dissertation in 1983 [2, 3]. In the intervening years it has stood its test and has become the standard in the industry. Consider next the ﬁnite × inﬁnite array shown in Fig. 1.2. It consists, like the inﬁnite × inﬁnite case in Fig. 1.1, of columns that are inﬁnite in the Z direction, however, there is only a ﬁnite number of these columns in the X direction. Such arrays have been investigated by numerous researchers [4–23]—in particular, by Usoff, who wrote the computer program SPLAT (Scattering from a Periodic Linear Array of Thin wire elements) as part of his doctoral dissertation in 1993 [24, 25]. Let us now apply the PMM program to obtain the element currents for an inﬁnite × inﬁnite FSS array of dipoles with Dx = 0.9 cm and Dz = 1.6 cm, while Finite Antenna Arrays and FSS, by Ben A. Munk ISBN 0-471-27305-8 Copyright  2003 John Wiley & Sons, Inc.
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INTRODUCTION



Fig. 1.1 An ‘‘inﬁnite × inﬁnite’’ truly periodic structure with interelement spacing Dx and Dz and element length 2l.



Fig. 1.2 An array that has a ﬁnite number of element columns in the X direction and is inﬁnite in the Z direction. It is truly periodic in the latter direction but not in the former. Thus, Floquet’s Theorem applies only to the Z direction, not the X direction.
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Fig. 1.3 Various cases of a plane wave incident upon inﬁnite as well as ﬁnite arrays at 45◦ from normal in the H plane. Element length 2l = 1.5 cm, load impedance ZL = 0 and frequencies as indicated. (a) Element currents for an inﬁnite × inﬁnite array at 10 GHz as obtained by the PMM program (close to resonance). (b) Element currents for a ﬁnite × inﬁnite array of 25 columns at 10 GHz (close to resonance). (c) Element currents for a ﬁnite × inﬁnite array of 25 columns at 7.8 GHz (∼25% below resonance).
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the element length 2l = 1.5 cm; that is, the array will resonate around 10 GHz. The angle of incidence is 45◦ in the orthogonal plane (H plane). The current magnitudes are plotted column by column in Fig. 1.3a at f = 10 GHz. Similarly we apply the SPLAT program to obtain the current magnitudes in an ﬁnite × inﬁnite array of 25 columns as depicted in Fig. 1.3b. We notice that the inﬁnite case in Fig. 1.3a agrees pretty well with the ﬁnite case in Fig. 1.3b, except for the very ends of the ﬁnite array. This observation is typical in general for large arrays and is simply the basis for using the inﬁnite array program to solve large ﬁnite array problems as encountered in practice. The deviation between the two cases (namely the departure from Floquet’s theorem [26] in the ﬁnite case) is usually of minor importance as long as the array is used as a frequency selective surface (FSS) like here [27]. However, if the array instead is designed to be an active array in front of a groundplane and each element is loaded with identical load resistors (representing the receiver or transmitter impedances), the situation may change dramatically. As shown in Chapters 2 and 5, we can in that case adjust the load impedances such that no reradiation takes place in the specular direction from all the elements except the edge elements. However, as also discussed in Chapter 5, we may change the loads for the edge elements such that no scattering in the specular direction takes place from these as well. So far we have merely tacitly approved of the standard practice, namely the use of inﬁnite array theory to solve ﬁnite periodic structure problems, at least in the case of an FSS with no loads and no groundplane. However, even in that case we may encounter a strong departure from the inﬁnite array approach. In short, we may encounter phenomena that shows up only in a ﬁnite periodic structure and never in an inﬁnite as will be discussed next. 1.2



SURFACE WAVES UNIQUE TO FINITE PERIODIC STRUCTURES



We have calculated the element currents only at f = 10 GHz—that is, close to the resonant frequency of the array. Let us now explore the situation at a frequency approximately 25% lower, namely at f = 7.8 GHz. From the SPLAT program we obtain the element currents shown in Fig. 1.3c, while the PMM program gives us element currents equal to 0.045 mA as shown in Fig. 1.3c, close to what would be expected based on the resonant value of 0.055 mA (see Fig. 1.3a). We observe in Fig. 1.3c that the element currents for the ﬁnite array not only ﬂuctuate dramatically from column to column but also exhibit an average current that can be estimated to be somewhat higher than the currents even for resonance condition (0.055 mA). We shall investigate this phenomena in detail in Chapter 4. It will there be shown that the element currents are composed of three components: 1. The Floquet currents as observed in an inﬁnite × inﬁnite array—that is, currents with equal magnitude and a phase matching that of the incident plane wave.
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2. Two surface waves, each of them propagating in opposite directions along the x axis. They will in general have different amplitudes but the same phase velocities that differ greatly from those of the Floquet currents. Thus, the surface waves and the Floquet currents will interfere with each other, resulting in strong variations of the current amplitudes as seen in Fig. 1.3c. 3. The so-called end currents. These are prevalent close to the edges of the ﬁnite array and are usually interpreted as reﬂections of the two surface waves as they arrive at the edges. We emphasize that these surface waves are unique for ﬁnite arrays. They will not appear on an inﬁnite array and will consequently not be printed out by, for example, the PMM program that deals strictly with inﬁnite arrays. Nor should they be confused with what is sometimes referred to as edge waves [28]. The propagation constant of these equals that of free space, and they die out as you move away from the edges. See also Section 1.5.3. Furthermore, the surface waves here are not related to the well-known surface waves that can exist on inﬁnite arrays in a stratiﬁed medium next to the elements. These will readily show up in PMM calculations. These are simply grating lobes trapped in the stratiﬁed medium and will consequently show up only at higher frequencies, typically above resonance but not necessarily so in a poorly designed array. In contrast, the surface waves associated with ﬁnite arrays will typically show up below resonance (20–30%) and only if the interelement spacing Dx is || as is the case in Fig. 2.6, top, we can never obtain σtot = 0 for any load.



2.3 HOW TO OBTAIN A LOW σtot BY CANCELLATION (NOT RECOMMENDED)



We considered above the case where the residual component C was bigger than . We found that σtot could never become zero no matter how we chose our load impedance ZL . However, if we instead considered an antenna where |C| < 1 as shown in Fig. 2.6, bottom (there are no particular limitations on C), we readily observe that we can choose the load impedance ZL such that C +  = 0; that is, σtot min = 0. This technique is referred to as RCS control by cancellation. There are two strikes against this approach. First of all the load impedance ZL is not necessarily adjusted for conjugate match; that is, the power transfer is not perfect. But the biggest ﬂaw is that the cancellation is in general very frequencysensitive—that is, narrowbanded (ZL and ZA will in general change signiﬁcantly and differently with frequency). And as if that is not enough, the cancellation condition changes in general with angle of incidence and polarization. Therefore this approach should in general be discarded as being primarily of academic interest. See also Sections 2.14.1, 2.14.4, and 2.14.7, as well as Section 2.9 and Problem 2.2.



2.4



HOW DO WE OBTAIN LOW σtot OVER A BROAD BAND?



The answer to that question should by now be fairly obvious: Choose an antenna with a residual scattering close to zero (i.e., C ∼ 0) and keep  as low as possible over as a broad a band as possible as illustrated in Fig. 2.7. That will ensure maximum power transfer (or almost) and low σtot at the same time. The reaction to this suggestion is typically something like: Well, we have measured dipoles, horns, parabolic dishes, ﬂat spirals as well as helical antennas with groundplane, and what not, and we have never come across an antenna with no residual scattering. In fact we are not even sure whether an antenna without residual scattering violates certain fundamental rules! Actually, they are almost correct, but it is bad science to generalize based on a limited number of cases. The fact is that antenna conﬁgurations without residual scattering do not violate any fundamental law and that they do indeed exist. These will be discussed in Sections 2.6 and 2.7. However, let us ﬁrst pay homage to some of the key people who pioneered the theory about antenna scattering.
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Fig. 2.7 To obtain a low RCS over a broad band an antenna ideally should have (a) as low a residual scattering as possible (i.e., C ∼ 0) and (b) a broadband match yielding  ∼ 0.



2.5 A LITTLE HISTORY



When the author joined the group of Professor Leon Peters, Jr., at the Ohio State University Antenna Laboratory (currently ElectroScience Laboratory) in the mid1960s as a graduate student, he was considered a competent antenna engineer with a good industrial background. He had a good knowledge of antenna impedance and considerable experience in matching and he knew how to obtain a radiation pattern from a complex antenna system. However, he had not even heard about antenna radar cross section. And that was typical for most antenna engineers at that time. He was ﬁrst introduced to the mysteries of antenna scattering during a short course given at Ohio State University in 1966. One of the sessions was devoted to the RCS of antennas [37] and conducted by Professor Robert Garbacz, at that time a graduate student of Professor Edward Kennaugh. Furthermore, some time before in 1963 another graduate student and a close friend of Garbacz, namely Robert B. Green, wrote his dissertation that dealt exclusively with RCS of antennas [38]. It was that work that became the foundation for Section 2.2 in this chapter. However, it appears that the concept describing how the scattering from an antenna is made up of two components was presented for the ﬁrst time in an OSU report by McEntee [39]. He clearly recognized that the scattering (reradiation) is coming from the mismatch between antenna and load impedance(s) (the antenna mode), and, in addition, a scattering component comes from somewhere else associated with the antenna (the residual or structural component). He did not actually call these components by these names. Apparently that came later. All
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ON RADAR CROSS SECTION OF ANTENNAS IN GENERAL



of this activity did of course take place under the watchful eyes of Professors Peters and Kennaugh, who provided many of the basic ideas and concepts. However, there were other important contributions. Hansen discussed the relationship between antennas as scatterers and as radiators [40]. Garbacz discussed measurement techniques [41], and so did Appel-Hansen [42], Wang et al. [43] and King [44]. Several oral papers about measurements were presented by Heidrich and Wiesbeck [45–48], culminating with the dissertation by Heidrich [49]. 2.6



ON THE RCS OF ARRAYS



In the world of antennas, arrays of wires or dipoles have a unique position. They can be designed to have very large bandwidth (>7:1 with VSWR 1. We now recall [61]     λ 2 λ 2 ry2 = 1 − sx + k − sz + n . (4.2) Dx Dz
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SURFACE WAVES ON PASSIVE SURFACES OF FINITE EXTENT



We have propagating waves when 0 < ry2 < 1 and evanescent when ry2 < 0. Thus, the transition between propagating and evanescent waves is determined by ry2 = 0; that is, from (4.2) we have  sx + k



λ Dx



2



  λ 2 + sz + n = 1. Dz



(4.3)



In the sx , sz plane (4.3) depicts unit circles with centers at kλ/Dx , nλ/Dz as shown in Fig. 4.3. Every time we are inside one of the unit circles, we are in visible space where we observe propagating modes. When outside, we are in invisible space where the modes are evanescent. For more about the grating lobe diagram, see reference 61. If Dx /λ = 0.5 or smaller, we readily see that the unit circles will never touch each other; that is, we will never have a grating lobe, but will have only one propagating wave when particular values of sx , sz puts us inside one of the unit circles.



Fig. 4.3 Grating lobe diagram plotted in the (sx , sz ) plane. If (sx , sz ) falls inside any of the unit circles, we have propagating mode(s). Otherwise, we have evanescent modes.
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The typical example in Fig. 4.2 has Dx /λ = 0.24 (or λ/Dx = 4.15). Thus, when sx increases from sx = 1, the scan impedance ZA will be located on the imaginary axis and reach the most negative imaginary value for sx = 12 λ/Dx = 2.08. Further increase of sx to sx = λ/Dx − 1 = 4.15 − 1 (equivalent to sx = −1; see Fig. 4.3) leads ZA back up along the imaginary axis the same way it came down as illustrated in Fig. 4.2. Note in particular that ZA = 0 for sx = ±1.32. This case is particularly interesting because this constitutes the condition for a free surface wave as discussed earlier. In other words, a surface wave will propagate even when the impressed voltage is zero. Also note that it is the sum of the individual evanescent waves that constitutes a surface wave that is unique and satisﬁes the boundary condition at the elements of the array, not the individual modes. 4.4 THE FINITE ARRAY CASE EXCITED BY GENERATORS



We now turn our attention to the ﬁnite array shown in Fig. 4.1. We shall at ﬁrst obtain an approximation of this case simply by truncation of the inﬁnite array considered above. We will assume that waves similar to the surface waves on the inﬁnite array can exist on the ﬁnite array. However, a signiﬁcant difference between the two cases is that while no energy is radiated when the array is inﬁnite, radiation will take place in the ﬁnite case similar to a ﬁnite array with a progressive current radiating in the endﬁre mode. Typically a free surface wave is encountered at this frequency in the neighborhood of sx = ±1.32, where the positive sign produces a pattern radiating upward and the negative sign produces an identical pattern radiating downward (see Fig. 4.2, left). This radiated energy in the ﬁnite case must be accounted for by supplying energy to the individual elements using voltage generators. This in turn implies that the scan impedance for |sx | > 1 no longer can be purely imaginary but must contain a real component as indicated in Fig. 4.2 and labeled as “Finite Array.” To summarize: No energy is radiated from the inﬁnite array, only from the ﬁnite. Thus, a test antenna located a reasonably large distance from the array will pick up a signal only from the ﬁnite array, not the inﬁnite. Furthermore, from the law of reciprocity we may conclude that a signal from the test antenna cannot produce a surface wave on the inﬁnite array but can readily do so on the ﬁnite array. Because of the lossy component of the scan impedance, the waves on the ﬁnite array can be considered as being surface waves for a slightly lossy periodic structure. 4.5 THE ELEMENT CURRENTS ON A FINITE ARRAY EXCITED BY AN INCIDENT WAVE



We now return to our original problem, namely, where a ﬁnite array is exposed to an incident ﬁeld rather than fed by voltage generators at each terminal.
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SURFACE WAVES ON PASSIVE SURFACES OF FINITE EXTENT



When a plane wave with direction of propagation sˆ = xs ˆ x + ys ˆ y + zˆ sz is incident upon a periodic structure, we would expect to see strong currents of the Floquet type, namely the type given by (4.1). Thus, they all have the same amplitude and a relative phase which matches that of the incident plane wave. When the array is inﬁnite, these Floquet currents are the only ones present. This is a direct consequence of Floquet’s Theorem, which basically states that for a periodic structure, the phases of the element currents must match those of the incident ﬁeld. However, when the structure becomes ﬁnite, it is no longer periodic and Floquet’s Theorem simply does not apply. For a ﬁnite × inﬁnite array as shown in Fig. 4.1, we will now show that the current will be: 1. The Floquet type as found on an inﬁnite periodic structure—that is, of the form given by (4.1). 2. Traveling waves with |sx | > 1 propagating in each direction along the array. Each of these will produce an end-ﬁre radiation pattern. They are very similar to surface waves on an inﬁnite periodic structure except that these waves have a loss component due to radiation (see Fig. 4.2). 3. Finally, there will be an end effect associated with the reﬂection of the three traveling waves at the edges of the array. While it is easy to accept that the currents on a ﬁnite array will be of the Floquet type like they are on an inﬁnite structure, it is more difﬁcult to accept that the two traveling waves exist ONLY on the ﬁnite and not on the inﬁnite array. The following discussion will hopefully clarify this problem. 4.6



HOW THE SURFACE WAVES ARE EXCITED ON A FINITE ARRAY i



Consider an inﬁnite array exposed to an incident plane wave E with the direction of propagation being sˆ , as shown in Fig. 4.4, top. From the basic theory for periodic structures we know that the reradiated (scattered) ﬁeld consists of plane waves propagating in the directions sˆ = xs ˆ x ± ys ˆ y + zˆ sz and, eventually, a ﬁnite number of grating lobes, as also illustrated in Fig. 4.4, top. Furthermore, there will be an inﬁnite number of evanescent waves that die out quickly as we move away from the array. Let us next consider a ﬁnite array as illustrated in Fig. 4.4, middle. When exposed to the same incident plane wave with the direction of propagation sˆ , the element currents will again, to a ﬁrst-order approximation, be the Floquet currents as given by (4.1). It is a simple matter to ﬁnd the far ﬁeld from these currents as a function of the continuous radiation direction rˆc . We show a typical example in Fig. 4.4, bottom. However, rather than plotting it as a function of radiation angle, it is plotted as a function of rcx ; see Fig. 4.4 middle. This makes it more compatible with our choice of variable sx for the incident wave and the plane wave expansion in general. We obtain mainbeams at rcx = sx and we also note that the visible
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Fig. 4.4 Top: If an inﬁnite array is exposed to an incident plane wave propagating in the directions, sˆ , it will reradiate propagating plane waves in the directions sˆ = xˆ sx ± yˆ sy + zˆ sz and eventually a ﬁnite number of grating waves. In addition, evanescent waves are always present. Middle: A ﬁnite array with only Floquet currents will produce a continuous spectrum rˆ c with a mainbeam and sidelobes as shown at the bottom. Note that we use the x component rcx of rˆ as our variable. This is consistent with using sx from the direction sˆ of the incident plane wave. Bottom: Far ﬁeld from Floquet currents as a function of the continuous radiation direction rˆ c .



space runs from rcx = −1 to rcx = +1 as indicated in Fig. 4.4, bottom, while the invisible space is given by |rcx | > 1, as shown. Note also that as we continue into the invisible space for rcx < −1 and rcx > 1 there is no profound change in the general character of the radiation pattern. However, the radiation pattern in Fig. 4.4 bottom is only a ﬁrst-order approximation. To see what really goes on, consider Fig. 4.5. At the very top (Fig. 4.5a) we show an inﬁnite periodic structure being exposed to an incident plane wave with direction of propagation sˆ . The element currents will be of the Floquet type only as we saw earlier in Fig. 4.4. In Fig. 4.5b we create a ﬁnite array by
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SURFACE WAVES ON PASSIVE SURFACES OF FINITE EXTENT



Fig. 4.5 (a) An inﬁnite array exposed to an incident plane wave has only Floquet currents. (b) Adding two semi-inﬁnite arrays with negative Floquet currents creates a ﬁnite array with actual currents (Floquet and residual currents). (c) Spectrum of the voltages induced in the ﬁnite array by the incident wave. (d) Spectrum of the voltages in the ﬁnite array by the two semi-inﬁnite arrays. Note the two peaks in the endﬁre directions rcx = ±1. (e) The magnitude of the scan impedance ZA as a function of rcx . Note the minima at rcx = ±1.25. (f) The spectrum of the element currents as a function of rcx . Note the surface waves where |ZA | is minimum is at rcx = ±1.25, not at rcx = ±1.0.



HOW TO OBTAIN THE ACTUAL CURRENT COMPONENTS
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superimposing two semi-inﬁnite arrays with Floquet currents that are negatives of the original Floquet currents in the inﬁnite case. Note that the currents on the two semi-inﬁnite arrays are given rigorously by the Floquet currents only [i.e., (4.1)]; however, the currents on the ﬁnite array in the middle will, as we shall see, deviate for this simple form.2 This becomes clear when we realize that the voltages induced in the elements of the ﬁnite array have two sources: 1. The incident plane wave 2. The two semi-inﬁnite arrays The voltage spectrum of the incident wave taken over the ﬁnite array is shown in Fig. 4.5c. It contains mainbeams in the forward and specular directions corresponding to the Floquet currents only (see Fig. 4.4). Similarly, the voltage spectrum from the two semi-inﬁnite arrays is shown in Fig. 4.5d. We observe two smaller beams at rcx = ±1, that is, in the endﬁre directions. Thus, the two semi-inﬁnite arrays will try to propagate waves along the array structure. However, as illustrated in Fig. 4.2, many evanescent waves with different rcx (sx ) are capable of propagating. They are distinguished by the magnitude of their scan impedance ZA depicted in Fig. 4.2 and shown speciﬁcally in Fig. 4.5e. 4.7 HOW TO OBTAIN THE ACTUAL CURRENT COMPONENTS



The discussion above served primarily to explain how surface waves are established on a ﬁnite periodic surface, namely as the ratio between the voltages induced by the two semi-inﬁnite arrays and the impedances of possible surface waves. This is not necessarily the way we actually calculate the element currents. In fact this was done by direct calculations of the currents in the ﬁnite array in question by using the SPLAT program discussed in Chapter 3. Typical examples have already been presented in Figs. 1.3b and 1.3c. Clearly the currents in Fig. 1.3c are seen to be highly erratic. To ﬁnd out what current components actually are contained in such a distribution, we simply ran a Fourier analysis and obtained the current spectrum shown in Fig. 4.5f. While the current spike at rcx = 0.707 is easy to associate with the Floquet currents obtained for an inﬁnite array exposed to a plane wave incident at 45◦ , the two other spikes at rcx = ±1.25 remained somewhat of a mystery until the explanation in Section 4.6 above was introduced. Finally, the Fourier analysis shows that we in addition to the Floquet and surface waves also obtain a small amount of additional currents at the edges of the array. They are usually associated with reﬂections of the two surface waves and the Floquet currents at the edges of the array. We have denoted them “end currents.” 2



See also Common Misconceptions, Section 4.19.
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SURFACE WAVES ON PASSIVE SURFACES OF FINITE EXTENT



It is interesting to observe that the amplitude of one of the surface waves actually is larger than the Floquet current. Inspection of Fig. 1.3c strongly suggests that it may indeed be the case. However, the impact of the surface waves should not be judged by their amplitude only. Both the Floquet and the surface wave currents will radiate (scatter) and we shall see in the next section that the former in general is a far more efﬁcient radiator than the latter. Note: Sometimes the reader perceives the introduction of the two semi-inﬁnite arrays with negative Floquet currents as an inadequate approximation. As discussed in detail in Section 4.19 (Common Misconceptions), this is not the case. However, even if some inaccuracies were present in our explanation, it really would not matter since the currents in Fig. 4.5f were obtained by direct calculation of the actual currents obtained from the SPLAT program applied to a ﬁnite array. 4.8



THE BISTATIC SCATTERED FIELD FROM A FINITE ARRAY



In the previous section we gave a physical explanation of how various current components on ﬁnite arrays came about. Furthermore, we used the SPLAT program in conjunction with a Fourier analysis to determine the actual element currents on a ﬁnite array. We decomposed these according to their phase velocities and found one strong component at rcx = sx = 0.707 for 45◦ angle of incidence corresponding to the Floquet currents present on an inﬁnite array while we observed the surface wave currents propagating in opposite directions along the array at rcx = ±1.25. Finally, there was a component that we associated with reﬂections from the edges of the ﬁnite array (we are not entirely sure about this interpretation at this point). We will refer to them as “end currents.” Furthermore, it is often convenient to introduce the concept of “residual currents,” deﬁned as the difference between the actual currents on the ﬁnite array and the Floquet currents. In other words, the residual currents are simply here deﬁned as the sum of the two surface waves and the end currents. These current components will radiate. Their radiation patterns are obtained simply by considering the entire periodic structure as an antenna (the notion that surface waves do not radiate is true only if they are associated with an inﬁnite structure. This is usually the case as presented in most textbooks). Thus, based on the current components obtained rigorously in the previous section, we shall next present the radiation pattern associated with these components. First we show in Fig. 4.6 the bistatic scattering pattern of the Floquet currents only when a signal is incident upon an array of 50 columns at 45◦ angle of incidence. We obtain main beams in the forward as well as the specular directions and note that the sidelobe level looks “clean” as expected (sin x/x function). This is also an opportune time to remind the reader that the total ﬁeld in the forward direction is given by the sum of the scattered and the incident ﬁeld. Since these two components are basically out of phase and have similar magnitudes, the total ﬁeld in the forward direction is about zero except for some minor sidelobes. Thus, we observe a shadow in the forward direction as we would expect.
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Fig. 4.6
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The bistatic scattering pattern for the Floquet currents only. Angle of incidence is 45◦ .



Furthermore, we show in Fig. 4.7 the bistatic scattering pattern of the two surface waves. We observe that they are identical except for amplitude and direction of propagation. Note that the ratio between the pattern amplitudes of the two surface waves is close to the ratio between the two surface waves’ amplitudes given in Fig. 4.5. However, perhaps the most noteworthy is that in spite of the fact that one of the surface waves has a peak exceeding that of the Floquet currents peak by about 5 dB, the highest value of the scattering pattern is almost 20 dB below the peak of the Floquet pattern. In other words, the radiation efﬁciency of the surface waves is considerably lower than that of the Floquet currents. Or we may alternatively state that the radiation resistances associated with the surface waves are considerably lower than the one associated with the Floquet mode. Inspection of Fig. 4.5e shows this statement to be correct. This observation will later prove crucial when we try to control the radiation from the surface waves without signiﬁcantly attenuating the one from the Floquet mode. Furthermore, we show in Figs. 4.8 and 4.9 the bistatic scattering pattern associated with the end currents only and the residual currents, respectively. Comparing Figs. 4.7 and 4.8 with their sum in Fig. 4.9 indicates that the surface and end currents are basically out of phase. However, see also Section 4.9.
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Fig. 4.7 The bistatic scattering pattern for the left- and right-going surface wave. Angle of incidence is 45◦ .



Finally, we show in Fig. 4.10 (broken line) the bistatic scattering pattern of the actual current on the ﬁnite array as obtained from the SPLAT program—that is, the sum of the Floquet currents, the surface waves, and the end currents. This pattern should be compared with the Floquet pattern shown in Fig. 4.6. It has been redrawn in Fig. 4.10 (solid line) for easy comparison. We readily observe that the main beams are unaffected and so is the location of the sidelobes. However, the sidelobe level is 5–7 dB higher when we include the radiation from the residual currents.



4.9



PARAMETRIC STUDY



Any periodic structure, whether inﬁnite or ﬁnite, will in general change its properties considerably with angle of incidence. Furthermore, if the surface is of ﬁnite extent, we would expect its characteristic to depend to a degree on its size. Finally, surface waves are, as seen earlier, only prevalent in a certain frequency band. Thus, in the following we shall examine some of these features in more detail.
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Fig. 4.8



4.9.1
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The bistatic scattering pattern of the ‘‘end’’ currents. Angle of incidence is 45◦ .



Variation of the Angle of Incidence



First, for general orientation, we show in Fig. 4.11 the same case as shown in Fig. 4.10 except that the angle of incidence is now 67.5◦ (or 22.5◦ from grazing) instead of 45◦ . We observe only minor changes in the mainlobes while the location and level of the sidelobes has changed somewhat. However, as we shall see next, it actually takes only a small variation of the angle of incidence to obtain signiﬁcant changes of the bistatic scattering pattern. We have already illustrated in Figs. 4.5a and 4.5d how two semi-inﬁnite arrays at each end of the ﬁnite array launches surface waves along the ﬁnite structure. In Fig. 4.12a we show this scenario in more detail. The semi-inﬁnite arrays at the right of the ﬁnite array produces a ﬁeld essentially pointing to the left. It will launch a left-going surface wave. Similarly, we will also obtain a right-going surface wave. The ﬁelds from the two semi-inﬁnite arrays will have a phase difference that depends on the size of the ﬁnite array and the angle of incidence as shown in Fig. 4.12b. If we denote the width of the ﬁnite array by L and the angle of incidence by θ , the phase difference between the signals from the two semi-inﬁnite arrays will be  = βL sin θ. (4.4)
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Fig. 4.9 The bistatic scattering pattern of the residual currents (i.e., Total–Floquet’s). Angle of incidence is 45◦ .



Since L in general will be large in terms of wavelength,  can be substantial. However, it is of utmost importance that this phase difference is carried directly over in the two surface waves. In other words, the radiation pattern of the two surface waves will go in and out of phase as the angle of incidence θ changes. Let us consider an example. Example 1 We assume a typical array consisting of 50 columns has an interelement spacing Dx = 0.9 cm. Then the total width of the ﬁnite array is L = 50 × 0.9 = 45 cm. Thus, for an angle of incidence θ = 45◦ and frequency f = 7.7 GHz we obtain a phase difference between the left- and right-going surface wave equal to  = βL sin θ = 16.35π (rad).
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Fig. 4.10 The bistatic scattering pattern of the Total as well as the Floquet currents. Angle of incidence is 45◦ . Note the increase in sidelobe level when the residual currents are added.



We now reduce the angle of incidence by θ such that the phase difference between the two surface waves is reduced by π rad, that is, sin(θ − θ ) =



(16.35 − 1)π = 0.665. βL



In other words, θ = 3.4◦ for a 180◦ phase change between the two surface waves. We will illustrate this result in Fig. 4.13. We here show the calculated scattering pattern for an array of columns and vary the angle of incidence from 45.5◦ to 41.0◦ in steps of 0.2◦ . We then selected the bistatic scattering pattern with the strongest residual pattern, namely Fig. 4.13a for θ = 45.2◦ and the weakest residual pattern as shown in Fig. 4.13c for θ − θ = 41.8◦ . Thus to obtain a
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Fig. 4.11 The bistatic scattering pattern of the Total as well as the Floquet currents. Angle of incidence is 67.5◦ .



phase reversal of the two surface waves (including the end pattern), the angle of incidence should change by θ = 45.2 − 41.8 = 3.4◦ , in complete agreement with the estimated value calculated above. As an extra check, we show a scattering pattern in between as illustrated in Fig. 4.13b. 4.9.2



Variation of the Array Size



Inspection of (4.4) above showed that the phase difference between the two semi-inﬁnite arrays could be changed by variation of the angle of incident θ . Alternatively, a change in phase difference can also be obtained by variation of the width L of the ﬁnite array. More speciﬁcally, let us change the original width L of the ﬁnite array to L + L such that the phase difference  is changed by π; that is, by modiﬁcation of (4.4) we ﬁnd  + π = β(L + L) sin θ. (4.5)
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Fig. 4.12 (a) The two semi-inﬁnite arrays excite right- and left-going surface waves as indicated in the ﬁgure. (b) Since the width L of the ﬁnite array usually is large in terms of wavelength, the phase difference between the two semi-inﬁnite arrays will in general change strongly with angle of incidence θ. This phase difference is carried directly over into the two surface waves.



From (4.4) and (4.5) we obtain L =



λ 2 sin θ



(4.6)



or the change N in number of elements is N ∼ Example 2 from (4.7)



λ L = Dx 2Dx sin θ



(4.7)



Typically for Dx = 0.9 cm, θ = 45◦ , and f = 7.7 GHz, we ﬁnd N ∼ 3.1 column.



(4.8)



Note: N is independent of the width L of the array. This estimate has been checked out by calculating the bistatic scattering pattern for arrays where the number of columns vary from 50 to 55 in increments of one. In Fig. 4.14a we show the case where the residual pattern is close to a maximum for N = 51 columns, and in Fig. 4.14b we show the case where it is close to a
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Fig. 4.13 The bistatic scattered ﬁelds for an array of 50 columns at f = 7.7 GHz. Floquet currents only (full line) and residual currents only (broken line). Angle of incidence: (a) 45.2◦ . Fields from the residual currents are maximum. (b) 43.6◦ . Fields from residual currents are medium. (c) 41.8◦ . Field from residual currents are minimum. The amplitude of the residual ﬁelds depends on the phase difference between the two semi-inﬁnite arrays shown in Fig. 4.12.



minimum for 55 columns. Thus, N = 55 − 51 = 4 columns, which is in “fair” agreement with the estimate above. Note: The presence of the end current pattern makes “exact” comparison of the residual pattern somewhat blurred. 4.9.3



Variation of Frequency



All the examples presented so far have been at the frequency f = 7.7 GHZ. The effect of changing the frequency will be investigated next. The size of the array
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Fig. 4.14 The bistatic scattered ﬁeld from arrays with (a) 51 columns and (b) 55 columns. Full line denotes ﬁeld from Floquet currents only, and broken line denotes ﬁeld from the residual currents only. Angle of incidence is 45◦ . Note that the ﬁelds from the residual currents are maximum for 51 columns and minimum for 55 columns.



is kept ﬁxed at 25 columns, and a plane wave is incident at 67.5◦ from normal. We will calculate and plot the backscattered ﬁeld in the complex plane as shown in Fig. 4.15. At the top of that ﬁgure we show the frequency range 2–6.2 GHz and at the bottom the range 6.3–12 GHz. We note that the low frequencies from 2 to 6.2 GHz rotate in the complex plane in a very regular and leisurely fashion as one would expect. However, in the frequency range 6.3–8.3 GHz shown at the bottom we observe a backscattered ﬁeld that not only is signiﬁcantly larger but also rotates much faster in the complex plane. Finally, from 8.4 to 12 GHz the backscattered ﬁeld still has a large amplitude but has settled down and is rotating
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Fig. 4.15 The backscattered ﬁeld plotted in the complex plane as a function of frequency. Angle of incidence is 67.5◦ . Number of columns is 25. Top: Frequency range 2–6 GHz. Bottom: Frequency range 6.3–12 GHz, where the surface waves are prevalent from 6.3 to 8.4 GHz. Called a backscattering diagram.



much slower. A closer investigation shows that the fast rotating range from 6.3 to 8.3 GHz is the frequency range where surface waves exist. We simply in that range observe column currents as shown earlier, for example, in Fig. 1.3 (more examples will be given later; see, for example, Figs. 4.17, 4.18, and 5.9). From 8.5 to 12 GHz the surface waves have essentially died out. There are two reasons for the higher values of the backscattered ﬁeld in this frequency range.



PARAMETRIC STUDY



105



1. We are closer to the resonant frequency (∼10 GHz), resulting in a stronger column current and thus backscattered ﬁeld. 2. The sidelobe level of the backscattered ﬁeld is higher because we are getting closer to the onset of the ﬁrst grating lobe (∼18 GHz). But how do we explain that surface waves are present only in a limited frequency range, namely ∼6.3–8.3 GHz? This is explained in Fig. 4.16 in a qualitative way. It shows the scan impedance ZA plotted earlier in Fig. 4.2 but here plotted at three frequencies, namely 6, 7.7, and 10 GHz. Furthermore, these scan impedance curves are shown a bit more realistic by the fact that they for end-ﬁre condition do no go to inﬁnity but just to a large value depending on how large the array actually is. This point is easy to see by application of the mutual impedance concept. Itsimply tells that the magnitude |ZA | of the scan impedance can never exceed Q q=−Q |Z0,q |, where Z0,q is the mutual impedance between the reference element in column 0 and all the elements in column q (see Chapter 3 for details). Since |Z0,q | and Q are bounded, so is the ﬁnite sum |ZA |. As already shown in Fig. 4.2 and repeated in Fig. 4.16 for easy comparison, we



Fig. 4.16 Typical complex scan impedance ZA for a ﬁnite array at the following frequencies: 10 GHz, no surface waves since lowest point for sx = ±1.66 is too far from (0,0); 7.7 GHz, surface wave possible for sx ∼ ±1.25; 6.0 GHz, no surface wave since too far from (0,0).
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see that at f = 7.7 GHz ZA gets close to the origin for sx = ±1.25; that is, a free surface wave can exist. However, at 10 GHz we are closer to resonance and ZA will therefore in real space move closer to the real axis in the complex plane. Note that this upward motion is also taking place in imaginary space such that even for sx = ±1.66 where ZA turns around and moves upward along the imaginary axis, ZA will not get close to the origin; that is, no free surface waves can exist at 10 GHz. Similarly, at f = 6 GHz we drop too far down in the capacitive region for ZA to get close to the origin; that is, no surface waves can exist here either. In other words: A ﬁnite array can only support surface waves in a limited frequency range as illustrated by the actual calculated curve in Fig. 4.15 and only for Dx < λ/2



Fig. 4.17 The backscattered ﬁeld (backscattering diagram) from an array of 25 columns plotted in the complex plane. Frequency range 2–6.2 GHz (top) and 6.3–12.0 GHz (bottom). Outer columns (i.e., numbers 1 and 25) are loaded with (left): 50 ohms; (middle) 100 ohms; and (right) 150 ohms.
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(otherwise grating lobes will add a resistive component to the scan impedance and prevent the scan impedance from getting close to the origin). This presentation also shows that inﬁnitely long wires cannot produce surface waves as discussed here. They have no resonance. The curves shown in Fig. 4.16 are only typical. In reality the values of ZA will vary from column to column and sometimes even have a small negative real part indicating that energy is absorbed. But the fundamental explanation stands. Note also that the cutoff frequencies will depend to some extent on the size of the array.



Fig. 4.18 The backscattered ﬁeld (backscattering diagram) from an array of 25 columns plotted in the complex plane at the frequencies 2–6.2 GHz (top) and 6.3–12.0 GHz (bottom). (left) Columns 1 and 25 loaded with 100 ohms; (middle) columns 1 and 25 loaded with 200 ohms and columns 2 and 24 loaded with 50 ohms; (right) columns 1 and 25 loaded with 200 ohms, columns 2 and 24 loaded with 100 ohms, and columns 3 and 23 loaded with 50 ohms.
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HOW TO CONTROL SURFACE WAVES



We saw earlier that surface waves radiate and can lead to a signiﬁcant increase in the backscattered ﬁeld. It is therefore of great interest to investigate ways to control them. We recall from Fig. 4.5d as well as Fig. 4.12 that the surface waves basically were driven by two semi-inﬁnite arrays located on each side of the ﬁnite array. Thus, if we could somehow introduce a “barrier” between the two semiinﬁnite arrays and the ﬁnite array, we would expect a weaker excitation of the surface waves in the ﬁnite array. One such possible practical arrangement could consist of a ﬁnite number of columns between the semi-inﬁnite and ﬁnite arrays where the column currents had been reduced by insertion of load resistors in each element. Such an arrangement could also serve as absorbers of the two surface waves as well as the Floquet waves incident upon the edges of the ﬁnite array. Thus, in Fig. 4.17 we show three cases where the elements in the edge columns (one at each edge) of the array shown earlier in Fig. 4.15 have been loaded with 50, 100, and 150 ohms, respectively. We observe only minor changes at the low frequencies 2–6.2 GHz where surface waves do not exist. However, a signiﬁcant reduction is obtained at the higher frequencies 6.3–12.0 GHz, where surface waves are prevalent from 6.3 to 8.5 GHz (see Fig. 4.15). Note further that the greatest reduction is obtained when the load resistors are 100 ohms (see Fig. 4.17, middle). Furthermore, we show in Fig. 4.18 three cases where one, two, and three columns at each end of the ﬁnite array have been loaded with various resistors as indicated at the top of the ﬁgure. First, to the left we show the single column case, namely the optimum case shown earlier in Fig. 4.17, middle. Next follows the two- and three-column cases as shown in Fig. 4.18, middle and right, respectively. As we would expect, a steady improvement is observed as we increase the number of columns. 4.11



FINE TUNING THE LOAD RESISTORS AT A SINGLE FREQUENCY



In the last section we demonstrated how resistive loading of one or more columns located at the edges of the ﬁnite array could lead to a signiﬁcant reduction of the surface waves. We considered the entire frequency range of interest, but our choice of a resistive proﬁle was based on a combination of intuition and experience. In this section we shall demonstrate a more systematic and also more precise approach. In general, it is performed only at a single frequency. However, experience has shown that the performance at the rest of the frequency band will in general be superior as well. More speciﬁcally we show in Fig. 4.19a the column currents for an array comprised of 25 columns at f = 7.8 GHz. The angle of incidence is 45◦ as shown in the insert below in the ﬁgure. There are no resistive loads at all, and this case therefore serves as our baseline. Next we show in Fig. 4.19b the same array but where the three outer columns are loaded with 200, 100, and 50 ohms,
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Fig. 4.19 The column currents for an array of 25 columns under various load conditions: (a) No loads (baseline case); (b) columns 1 and 25, 200 ohms, columns 2 and 24, 100 ohms, columns 3 and 23, 50 ohms; (c) columns 1 and 25, 125 ohms, columns 2 and 24, 100 ohms, columns 3 and 23, 50 ohms, (d) columns 1 and 25, 125 ohms, columns 2 and 24, 100 ohms, columns 3 and 23, 50 ohms, columns 4 and 22, 25 ohms.



respectively (actually the same case as shown earlier in Fig. 4.18, right). We observe a substantial reduction of the surface waves as compared with our baseline case in Fig. 4.19a. However, there is still a strong presence of surface waves as indicated by the rather strong variation of the column currents. Obviously the goal is to obtain as even column currents as possible. Close inspection of the currents in Fig. 4.19b reveals that the currents in the two outer columns (nos. 1 and 25) both are somewhat low. Using lower load resistors in these two columns should raise the current. Thus, we show in Fig. 4.19c the case where the load
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resistors in the outer columns has been reduced from 200 ohms to 125 ohms. We observe that the currents in the three outer loaded columns are indeed fairly constant. However, the equalization of the currents in the rest of the array still needs improvement. This observation suggests that more columns should be resistively loaded. Thus, we show in Fig. 4.19d a case where the four outermost columns have been loaded with 125, 100, 50, and 25 ohms, respectively. We observe a substantial improvement as compared to all the other cases in Fig. 4.19. We ﬁnally show the backscattering diagram in Fig. 4.20 for the case in Fig. 4.19d. If we compare this case to the case in Fig. 4.18, right, we may at ﬁrst glance be somewhat disappointed. However, a closer look reveals that a reduction has taken place at the lower frequency band 2–6.2 GHz. Furthermore, the higher values observed at 8.5–12 GHz is as we saw earlier not related to the surface waves. In fact they are “sidelobes” associated with the impending grating lobe about to pop up at f ∼ 18 GHz. The higher values observed in Fig. 4.20 as compared to Fig. 4.18, right, is probably because the aperture is more tapered in the latter case than in the former (125 ohms compared to 200 ohms). In fact the
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45° Dx = 0.9 cm = 0.3l0 l0 = Wavelength at dipole resonant frequency of 10 GHz Fig. 4.20 The backscattered ﬁeld from an array of 25 columns plotted in the complex plane (backscattering diagram). Frequency range: (a) 2–6.2 GHz and (b) 6.3–12 GHz. Load conditions like Fig. 4.19d: columns 1 and 25, 125 ohms; columns 2 and 24, 100 ohms; columns 3 and 23, 50 ohms; columns 4 and 22, 25 ohms.
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frequency range from 6.3 to 8.5 GHz where surface waves typically reside looks “cleaner” and more deterministic than the case shown in Fig. 4.18, right. 4.12



VARIATION WITH ANGLE OF INCIDENCE



Periodic surfaces will often be exposed to signals where incidence varies from broadside to high angles. It is well known that the performance of any periodic structure may change considerable in such a scenario (see, for example, reference 81). Thus, it becomes important to check the cases considered above at other angles of incidence than merely 45◦ . As an example, let us consider the last case shown in Fig. 4.19d. We show this case again in Fig. 4.21a to facilitate the comparison to follow. Similarly, we show in Fig. 4.21b the same array conﬁguration, but this time when the angle of incidence is equal to 67.5◦ (or 22.5◦ from grazing). Note that while the 45◦



Fig. 4.21 The column currents for an array of 25 columns. Load conditions like Fig. 4.19d: columns 1 and 25, 125 ohms; columns 2 and 24, 100 ohms; columns 3 and 23, 50 ohms; columns 4 and 22, 25 ohms. (a) Angle of incidence is 45◦ , (b) Angle of incidence is 67.5◦ .
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Fig. 4.22 The column currents for an array of 25 columns with various loads. (a) Angle of incidence is 67.5◦ . Columns 1 and 25, 125 ohms; columns 2 and 24, 100 ohms; columns 3 and 23, 50 ohms; columns 4 and 22, 25 ohms (like Fig. 4.21b). (b) Angle of incidence is 67.5◦ . Columns 1 and 25, 150 ohms; columns 2 and 24, 125 ohms; columns 3 and 23, 100 ohms; columns 4 and 22, 50 ohms. (c) Angle of incidence is 67.5◦ . Columns 1 and 25, 150 ohms; columns 2 and 24, 125 ohms; columns 3 and 23, 100 ohms; columns 4 and 22, 50 ohms; columns 5 and 21, 25 ohms. (d) Angle of incidence is 45◦ . Columns 1 and 25, 150 ohms; columns 2 and 24, 125 ohms; columns 3 and 23, 100 ohms; columns 4 and 22, 50 ohms; columns 5 and 21, 25 ohms.
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Fig. 4.23 The bistatic scattered ﬁeld for an array of 50 columns for angle of incidence equal to 45◦ . (a) Assuming truncated Floquet currents only. No resistive loading. (b) Using the correct total column current as being equal to the sum of the Floquet, the left- and right-going surface waves and the end currents. No resistive loading. (c) Using the correct total column currents as being the sum of the Floquet, the left- and right-going surface waves, and the end currents. Resistive loading as indicated under (c) and same as in Figs. 4.22c and 4.22d. Note strong reduction of the backscatter lobes.



case basically exhibits ∼4 humps (most clearly observed in the untreated array shown in Fig. 4.19a, we observe only ∼2 humps in the 67.5◦ case shown in Fig. 4.21b. The reason for this difference is simply that while the phase velocities of the surface waves in the two cases are basically the same, the Floquet currents will move along the structure with a higher phase velocity in the 67.5◦
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case (i.e., closer to the velocity of the surface waves), resulting in a longer interference wavelength. A most important consequence of this observation is simply that we need more columns to “sample” the array when the interference wavelength is longer (i.e., at high angle of incidence). As our baseline we show the four-column case already shown in Fig. 4.21b again in Fig. 4.22a in order to facilitate the comparison to follow. Next in Fig. 4.22b we show the case where we have increased all four column loads in an attempt to reduce the column currents. We observe in Fig. 4.22b that this is indeed the case, but there is a jump in column current between columns 4 and 5 and the currents in the rest of the array have not changed signiﬁcantly. However, if we load columns 5 and 20 with 25 ohms each, we obtain a notable improvement as shown in Fig. 4.22c. We ﬁnally test the ﬁve-column case at angle of incidence equal to 45◦ as shown in Fig. 4.22d. We observe that the ﬁve-column case is quite a bit better than the four-column case shown earlier in Fig. 4.21a. If the array is reasonably large, the energy lost in the end columns will be relatively minor in average. Thus, in that case the rule seems to be that adding a few extra resistively loaded columns is better than having too few. However, cost must also be considered. 4.13



THE BISTATIC SCATTERED FIELD



In the previous section we obtained an optimum load proﬁle by simply observing the individual column currents in a ﬁnite array as illustrated, for example, in Fig. 4.22. We should, however, not lose sight of the fact that if the structure is to be used as a radome, it is the bistatic scattering pattern that must be the ﬁnal proof of concept. Thus, although we are fairly sure that the optimum load proﬁle arrived at in the above manner also constitutes the optimum proﬁle for the bistatic scattered ﬁeld, it should nevertheless be checked out. Thus, we show in Fig. 4.23 the bistatic scattering pattern for a ﬁnite × inﬁnite array with N = 50 columns and angle of incidence equal to 45◦ . More speciﬁcally we show in Fig. 4.23a the bistatic scattered ﬁeld from the ﬁnite array by assuming that the column currents are simply of the Floquet types truncated to the size of the array. Similarly we showed in Fig. 4.23b the bistatic scattered ﬁeld by assuming the correct column current comprised of the sum of the Floquet currents, the two surface waves as well as the end currents (denoted Total Pattern). We observed a signiﬁcant increase in the sidelobe level for the total pattern as compared to the Floquet pattern, in agreement with earlier observations; see, for example, Figs. 4.10 and 4.11. Finally we show in Fig. 4.23c the same ﬁnite array as shown in Figs. 4.23a and 4.23b but where we use the same load proﬁle as used in Figs. 4.22c and 4.22d. We observe that the sidelobe radiation level is signiﬁcantly lower for the loaded total pattern in Fig. 4.23c than for the unloaded one in Fig. 4.23b (We should certainly expect that!). However, it is even lower than the truncated Floquet pattern in Fig. 4.23a. It seems fairly safe to state that this
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is related to the fact that the aperture distribution in Fig. 4.23c is tapered as compared to Fig. 4.23a, which is uniform. We ﬁnally show in Fig. 4.24 the same three cases as shown in Fig. 4.23 but where the angle of incidence is 67.5◦ rather than 45◦ . Again as in Fig. 4.23 we observe a signiﬁcantly lower scattering level for the loaded case in Fig. 4.24c as compared to the total unloaded case in Fig. 4.24b (∼10 dB) but even up to several decibels below the scattering level in the Floquet case, Fig. 4.24a). We ﬁnally remind the reader that the reduction level is not unique but depends on the size of the array as well as the angle of incidence (see Fig. 4.14 and Fig. 4.13, respectively).



4.14



PREVIOUS WORK



It is considered courteous and scholarly to present other researchers’ contributions ahead of your own. However, if your subject is somewhat obscure and perhaps even controversial, this sequence often leads to a clouded relationship between new and old contributions. In fact, reference often end up being merely a litany of titles that “must be there” in order not to offend anyone. My own experience along those lines has often been that although I might have been referenced, it was doubtful whether my contribution was ever read or at least understood. Simply put, the references are simply not meaningful to the reader until after he has read most of the paper. Thus, in an attempt to alleviate this problem I will review other contributions at this point. Please understand that this sequence in no way is an attempt to put other researchers’ work in the background. It would probably be safe to assume that the ﬁrst researchers to consider a ﬁnite array of passive elements were the inventors of the Yagi–Uda array [82]. They excited these elements by a single active dipole being somewhat different than excitation by an incident plane wave. Besides, the surface wave concept apparently did not occur to them, nor did they actually need it to explain the radiation mechanism. That point of view appears ﬁrst to have been introduced by Ehrenspeck [83] and later using a more theoretical approach by Mailloux [84]. It is interesting to note that a desirable radiation pattern is not obtained when we have a strong (i.e., free) surface wave, for example, at sx ∼ 1.25 as illustrated in Fig. 4.7. We observe that this leads to sidelobes larger than the mainlobe. Rather, the optimum antenna pattern for a Yagi–Uda array is obtained somewhere in the range 1.25 < sx < 1.0. Recall that sx = 1.0 corresponds to the endﬁre condition, leading to a gain signiﬁcantly below that of a Yagi–Uda array tuned to maximum gain (it is close to the Hansen–Woodyard condition). Further signiﬁcant contribution to the theory of surface waves on Yagi–Uda arrays were given by Richmond and Garbacz [85] as well as by Damon [86]. Surface waves on ﬁnite periodic structures of the type discussed in this chapter seem not to have been treated in great detail until recently. That is not to say that
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Fig. 4.24 The bistatic scattered ﬁeld for an array of 50 columns for angle of incidence equal to 67.5◦ (similar to Fig. 4.23 except for angle of incidence). (a) Assuming truncated Floquet current only. No resistive loading. (b) Using the correct total column currents as being the sum of the Floquet, the left- and right-going surface wave, and the end currents. No resistive loading. (c) Using the correct total column currents as being the sum of the Floquet, the leftand right-going surface wave, and the end currents. Resistive loading as indicated under (c) and same as in Figs. 4.22c and 4.22d. Note strong reduction of the backscatter lobes.



surface waves on periodic structures never were suspected. In fact every time a curious (and often undesirable) effect on a periodic structure was encountered that could not be readily explained, it was often blamed on a mysterious “big bad surface wave.” Many have eluded to such phenomena and reported them [3–5, 8–14], while probably even more have suspected them but not reported them. See also Section 1.5.3.
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At any rate, the characterization of the surface waves on a ﬁnite FSS structure by their actual propagation constant appears not to have occurred until recently in papers by Munk et al. [87] and Janning and Munk [88], as well as in the dissertation by Janning [77] and the thesis by Pryor [76]. It is instructive to speculate on the reasons for this scant attention. Some of them appear to be related to the following: 1. Instead of ﬁnite wire sections, inﬁnite long wires (or narrow strips) were used; that is, instead of a double periodic surface, only a single periodic one was used. These cannot support surface waves of the type discussed here (see Section 4.9.3). 2. The frequency band investigated was not sufﬁciently below the resonance of the structure (20–30%). For further discussion see Section 4.9.3. 3. The interelement spacings Dx were not less than λ/2; that is, grating lobes could occur as we move into imaginary space. As discussed in Section 4.9.3, that automatically rules out free surface waves. 4. The column currents were simply assumed to be truncated Floquet currents only. In other words the existence of any surface waves were simply ruled out from the onset. See also discussion in Section 4.8. 5. Finally, it should be pointed out that surface waves are naturally attached to planar surfaces. If these are curved, the surface waves will be naturally attenuated by shedding energy as they move along the curved surface. Since many practical applications of periodic structures are naturally curved (for example, such as bandpass radomes and subreﬂectors), it is easy to understand that the presence of surface waves simply went unnoticed.



4.15



ON SCATTERING FROM FACETED RADOMES



So far we have considered mostly scattering from planar ﬁnite × inﬁnite arrays. They play an important role in helping us to understand the nature of surface waves on ﬁnite structures. They are, however, used rarely in practice. They may be curved, or planar sections may be put together in a faceted fashion such as shown, for example, in Fig. 4.25. Curving a surface leads to a natural attenuation of the surface waves by shedding energy. This case will not be treated here (if anyone out there has something to say about that subject, I would appreciate hearing about it). The shape shown in Fig. 4.25 is characteristic for ship board applications. The incident signal is basically arriving in the horizontal plane. If the radome is opaque, the signal will be reﬂected upward or downward and thereby lead to a reduced RCS. When the radome is transparent, the incident signal will proceed to the antenna and be received. The RCS will in that case depend essentially on the antenna only. For a discussion of this subject, see Chapter 2. Also see Pryor [76].
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Fig. 4.25 A typical octagonal faceted radome. An incident signal in the horizontal plane will be reﬂected upward as shown if the radome is opaque. If part of the incident signal leaks through the front, it will essentially be reﬂected downward by the back. An absorber can be placed on the ﬂoor to prevent further scattering.



The situation becomes even more complicated if the frequency is somewhere in the transition range between being opaque and transparent. In that event, part of the incident signal may simply make it to the back wall where it will be partly reﬂected either down into the ground or upward. Although both of these signals will be reﬂected away from the horizontal plane, it is usually a good idea to cover the ﬂoor inside the radome with an absorber as indicated in Fig. 4.25. We are at present unable to model a large faceted radome as shown in Fig. 4.25. However, we may combine eight ﬁnite × inﬁnite ﬂat panels
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into an octagon shape as indicated in Fig. 4.26. There is a fundamental difference between the ﬁnite radome in Fig. 4.25 and the inﬁnite long one in Fig. 4.26—namely, that in the latter case, reﬂections from the back wall will occur and can in that case obscure the reﬂections from the front. This problem can in our calculations be alleviated by covering the back wall with an absorber or, simpler yet, by removing the four back panels as indicated in Fig. 4.26. Thus, in the cases to follow we shall simply calculate the backscattered ﬁeld from just the four front panels as also indicated in Fig. 4.26. We note that the angles of incidence are 22.5◦ for the two front panels, while they are 67.5◦ for the two side panels. Based on our observations above (see Section 4.13), we may conclude that we should use at least ﬁve and most likely more loaded columns on each side of the corner columns. Furthermore, we would anticipate that the loading should be somewhat less severe than earlier since we are now talking about “bending” of the panels rather than a complete interruption.



Fig. 4.26 Crude modeling of the faceted radome shown in Fig. 4.25. It is comprised of ﬁnite × inﬁnite planar arrays. However, to avoid possible reﬂections from the back, only the four front panels are used to study the column currents in the front.
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Fig. 4.27 The calculated column currents (from SPLAT) for the four front ﬁnite × inﬁnite panels of an octagonal-shaped radome. Number of columns in each panel is 25, total number of four front panels is 100. There is no resistive loading; that is, this is the baseline case.



We shall present several practical examples obtained by use of the SPLAT program discussed earlier. First we show in Fig. 4.27 the column currents at f = 7.8 GHz in the four front panels when no loads are present at all. This case constitutes our baseline. Note the very dramatic variation of the column currents as expected based on our investigation above (as discussed already in Chapter 1 and in this chapter as well, such a strong variation will only be expected in the frequency range where strong surface waves can exist, namely typically 6.3–8.5 GHz and not at other frequencies). Next we show in Fig. 4.28 the same four front panels as shown above but now where ﬁve columns on each side of the corner columns have been resistively loaded as indicated in the ﬁgure (note the change of scale). We observe a very
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Fig. 4.28 The calculated column currents (from SPLAT) for the four front ﬁnite × inﬁnite panels of an octagonal-shaped radome, like those shown in Fig. 4.27. However, the corner and end columns have been loaded resistively at the center of each element as indicated in the insert. Note the dramatic reduction in variation of the element currents as compared to the unloaded case in Fig. 4.27. This indicates much lower amplitudes of the surface waves and thereby lower scattering. (Note the different scales in Figs. 4.27 and 4.28.).



dramatic reduction of the column currents in the two front panels, while the variation in the two side panels still is signiﬁcant but has been “cleaned up.” In Fig. 4.29 we show an interesting veriﬁcation of some concepts developed earlier in this chapter. In Figs. 4.5 and 4.12 we described the surface waves as being excited by two imaginary semi-inﬁnite arrays. We also demonstrated that this excitation could be reduced by insertion of barriers in the form of resistively loaded columns. Furthermore, we observed that the strongest surface wave would be excited at the corners at columns 25 and 75 and relatively weakly at columns
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Fig. 4.29 The calculated column currents (from SPLAT) for the four front ﬁnite × inﬁnite panels of an octagonal-shaped radome, like those shown in Figs. 4.27 and 4.28. However, only the two end columns have been resistively loaded as shown in the insert. Note the very little difference between the cases shown in Figs. 4.28 and 4.29.



1 and 100 (for illustration of this statement consult Fig. 4.5). Thus, the barrier at the open ends of the four panels need not be very wide. In fact, the main reason for having loaded columns at all in this case is simply to absorb the surface and Floquet waves incident upon the open edge. Thus, we show in Fig. 4.29 a case where the number of loaded columns at the open ends has been reduced to just two columns. Sure enough, the two cases in Figs. 4.28 and 4.29 look very much alike except for the amplitudes of the column currents at the open ends. That could easily be adjusted by changing the load resistors at the open ends (if needed).
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We may conclude from the examples above that surface waves become more prevalent at the higher angles of incidence. Also the interference wavelength between the Floquet and the surface waves becomes longer. This necessitates using more loaded columns at higher angles of incidence, which fortunately also leads to improved performance at the lower angles of incidence. Further good news is the fact that the backscatter is somewhat lower at the higher angles of incidence than at the lower ones because the sidelobe level of the scattering pattern is lower.



4.16



EFFECTS OF DISCONTINUITIES IN THE PANELS



Small faceted radomes can be made by ﬂat panels containing no discontinuities. Larger ones will in general be constructed of large ﬂat panels comprised of smaller panels. A pertinent question then becomes how precise must these small panels be joined together in order to avoid excitation of surface waves. Considering the complexity of the typical periodic surfaces used today, we must state that a precise answer to this question is not possible, nor do we need it. Here we shall limit ourselves to investigating the effect of introducing discontinuities somewhere in the ﬂat panels. More speciﬁcally we show in Fig. 4.30 the case shown earlier in Fig. 4.28 but where a discontinuity has been introduced in each of the two front panels by simply removing one of the unloaded columns located in the middle of the two front panels. Similarly we show in Fig. 4.31 the case where two unloaded columns have been removed from each of the side panels. We note a considerable effect when the discontinuity is at the two front panels and very minor when it is at the sides. Part of the explanation for this observation might be that the surface waves are considerably stronger in the side panels already. Based on our observations earlier in this chapter, we may conclude that the amplitudes of the surface waves in these examples are sufﬁciently low not to warrant any signiﬁcant radiation and thereby raise the RCS level. Unfortunately, precise numbers of the RCS level cannot be reported.



4.17



SCANNING IN THE E PLANE



So far in this chapter we have considered plane waves incident in the H plane only. In general this is the plane where the most important phenomena occurs. However, one should be cognizant of the fact that surface waves characteristic for ﬁnite structures can also exist for E-plane incidence. We shall explore this case in some detail in the following. In order to make meaningful comparisons between the two cases, we shall consider an array with the same element length 2l = 1.5 cm as in the H-plane case above. However, the array will be slightly modiﬁed as explained in Fig. 4.32. First we show in Fig. 4.32a the original array used for the H-plane case. If
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Fig. 4.30 The effect of a discontinuity in each of the two front panels of radome in Fig. 4.28 by simply removing a complete column in the middle of each one as indicated in the ﬁgure. Note change of scale.



we would scan this array in the E plane, we would readily observe that the ﬁrst grating lobe for grazing incidence would occur at λG.L = 2Dz = 3.2 cm or fG.L. = 9.38 GHz. Considering that the resonance frequency is around 10 GHz, this simply is too low even if surface waves typically occur at frequencies somewhat below resonance (see Sections 4.7 and 4.8). However, early onset of grating lobes can in this case be easily prevented by interlacing the elements as shown in Fig. 4.32b. Note that array dimensions remain the same in the two cases except that adjacent columns have been shifted with respect to each other as shown. Finally we recall that the SPLAT program is structured to have the ﬁnite dimension along the x axis and the inﬁnite along the z axis. Thus, the array
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Fig. 4.31 The effect of a discontinuity in each of the two side panels of the radome in Fig. 4.28 by simply removing a complete column in the middle of each one as indicated in the ﬁgure.



in Fig. 4.32b must be rotated 90◦ as shown in Fig. 4.32c. Note that all array dimensions are the same in the two cases. Only the x and z axes have been interchanged. The dimensions in Fig. 4.32c will be used in the following. We shall investigate the E-plane case analogous to the H-plane case above, namely by plotting the scan impedance from broadside (sx = 0) and all the way into the “end” of imaginary space and back into real space. A typical example of an E-plane scan impedance for an inﬁnite array is shown in Fig. 4.33. We start at broadside at η = 0◦ for sx = 0 and proceed to grazing at η = 90◦ for sx = 1, which marks our entrance into the imaginary space. As sx becomes larger than 1, we see that the scan impedance moves downward along the imaginary axis until it reaches its lowest level for sx = 1.12 from where it starts moving upward and eventually crosses the real axis for sx = 1.65. For
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Fig. 4.32 Modiﬁcation of the array when changing from H-plane to E-plane scan. (a) The original array used for H-plane scan. If we scan this array in the E plane, grating lobes will start too early, namely at 9.38 GHz. (b) By interlacing adjacent columns as shown, the onset of grating lobes can be delayed to a much higher frequency. (c) To comply with the structure of the SPLAT program the array in (b) is rotated 90◦ and the x and z axis interchanged as explained in the text.



sx = 2.08 we reach the upper limit of the scan impedance. Increasing sx beyond 2.08 produces the identical scan impedance on the way out of the imaginary space as on the way in until we reach sx = 2 × 2.08 = 4.16 or 0. The scan from sx = 4.16 − 1 to 4.16 corresponds to sx = −1 and 0; that is, the scan goes from η = −90 to 0◦ (see also Fig. 4.2).
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Fig. 4.33 The scan impedance at f = 9 GHz when the array in Fig. 4.32c is scanned in the E plane. Broadside starts at sx = 0 and grazing is at sx = 1.0. Higher values of sx correspond to scan in the imaginary space where the scan impedance is purely imaginary. It gets to the ‘‘end’’ of imaginary space for sx = 2.08 from where it goes right back down the way it got in.



The curve shown in Fig. 4.33 is an adaptation of data obtained from Janning’s dissertation [77]. He used three current segments along each element since an asymmetric current distribution could be expected for E-plane scan. However, he also notes that good results could be obtained by using just a single current segment since the length of the elements in the present case is somewhat shorter than one-half λ. There is a signiﬁcant difference between the H-plane scan in Fig. 4.2 and the E-plane scan in Fig. 4.33—namely, that the former may only pass close to the origin for one value of sx while the latter potentially can pass close to the origin for two values of sx . At higher frequencies the impedance curves will move upward and vice versa at lower frequencies as shown speciﬁcally in Fig. 4.34 for the frequencies f = 8 GHz and 10 GHz. Obviously no strong surface wave can exist at either of these two frequencies, but at frequencies somewhere in between
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Fig. 4.34 Same scan impedances as shown in Fig. 4.33 but at f = 8 and 10 GHz, respectively. Note how the higher frequencies move up toward the inductive region of the complex plane and vice versa for the lower frequencies. At some frequencies between 8 and 10 GHz we have the possibility to pass close to the origin once and even twice.



we may pass close to the origin for one and even two values of sx . That simply means that instead of one left- and one right-going surface wave we may have two left- and two right-going surface waves. An example of actual calculated double surface waves are shown in Fig. 4.35. We clearly observe the Floquet current at sx = −0.707 while we also observe a pair of right-going surface waves at sx = 1.015 and 1.165 as well as left-going surface waves at sx = −1.015 and −1.165. It is noteworthy that the column currents in Fig. 4.35 were produced by a simple Fourier transform of the actual calculated currents obtained directly from the SPLAT program. Thus, their validity can hardly be in doubt.3 Therefore, even if one does not accept the physical explanation presented above, the facts speak fairly loudly. There will, however, always be those who refuse to believe anything they do not readily understand because things are explained somewhat differently than they are used to. And that is of course their right. 3



The double surface waves were observed ﬁrst by Janning (see his dissertation [77]) and are therefore often referred to as “Janning’s Anomaly.”
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Fig. 4.35 The column currents at f = 9.75 GHz for E-plane scan showing the Floquet currents at sx = −0.707 and double surface waves at sx = ±1.015 and sx = ±1.165. The double surface waves were observed ﬁrst by Janning (see his dissertation [77]) and are therefore often referred to as ‘‘Janning’s Anomaly.’’.



But I would like to have these individuals explain these phenomena “their way.” 4.18



EFFECT OF A GROUNDPLANE



So far we have considered surface waves only on ﬁnite periodic structures without a groundplane. When a groundplane is added to an array of dipoles, it is usually driven actively. This case is in practice somewhat different from the passive case considered above by the fact that all elements are connected to generators or ampliﬁers with impedances comparable to the scan impedances. As explained in Chapter 5, this leads to a highly desirable attenuation of any potential surface waves.
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There is, however, a case where load resistors at each element are just not available, for example, when a slotted periodic surface is placed next to another slotted surface as is the case in a biplanar radome. In that event, surface waves can be excited on the ﬁnite slotted surface facing the incident signal while the second periodic surface essentially acts as a groundplane (at least in the frequency range where surface waves can potentially exist). Obviously the outer slotted surface does not enjoy the beneﬁt of resistive loads connected to each slot. The question then becomes, How will the second slotted surface affect the frequency range of the surface wave on the ﬁrst? From a physical point of view we note that the ﬁeld associated with the surface wave on the latter is composed of an assembly of evanescent waves that is attenuated as we move away from the periodic structure. In fact these evanescent waves have fallen to rather low values at a distance of a quarter wavelength. Since this is about the typical spacing between adjacent slotted surfaces in many applications, we may conclude that the surface wave frequency for a single periodic surface is only lightly affected by the presence of a groundplane or a second slotted surface. Janning examined in his dissertation [77] the effect of a groundplane upon arrays of dipoles. His approach was completely rigorous (actually he wrote a very ﬁne dissertation that is highly recommended). His ﬁndings essentially verify the physical arguments put forth above.



4.19 COMMON MISCONCEPTIONS CONCERNING ELEMENT CURRENTS ON FINITE ARRAYS 4.19.1



On Element Currents on Finite Arrays



In Sections 4.6 and 4.7 we explained how the total currents of a ﬁnite array could be decomposed. Although the concept actually was quite simple, it often leads to some misconceptions. Some of these will be illustrated in Fig. 4.36 and discussed in the following. In Fig. 4.36a we show the currents on an inﬁnite array being exposed to an incident plane wave. As is well known, it results in currents of equal amplitude and phases matching that of the incident plane wave, namely based on the so-called Floquet Theorem. We next show in Fig. 4.36b how we can obtain a ﬁnite array, by superimposing two semi-inﬁnite arrays with negative Floquet currents on the inﬁnite array case in Fig. 4.36a. Obviously, that leads to zero current outside the ﬁnite array (exact). However, the ﬁnite array will itself have currents comprised of the original Floquet currents caused only by the incident plane wave plus some unknown currents caused only by the ﬁelds from the two semi-inﬁnite arrays with negative Floquet currents. Note that the currents on the two semi-inﬁnite arrays are deﬁned very precisely as simply being equal to the negative of the original Floquet currents. This by no means implies that the currents on two semi-inﬁnite arrays by themselves are simply of the Floquet
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Fig. 4.36 Some interesting ﬁnite and semi-inﬁnite array conﬁgurations. (a) The amplitudes of the column currents on an inﬁnite array being exposed to an incident plane wave. Consists of Floquet currents only. (b) Creating a ﬁnite array is done by adding two semi-inﬁnite arrays with negative Floquet currents (exact) outside the ﬁnite array. The new currents in the ﬁnite array are complicated (see text). (c) Alternatively, the currents on two semi-inﬁnite arrays can be obtained by superimposing a ﬁnite array with negative Floquet currents only upon the inﬁnite array in (a). The new currents in the semi-inﬁnite arrays are complicated (see text). (d) A ﬁnite array with Floquet currents is possible only when feeding the elements from constant current generators. An incident plane wave induces a voltage as a constant voltage generator and can therefore not produce Floquet currents only. The currents are then determined as in case (c).



type when exposed to an incident plane wave. In fact, this case is illustrated in Fig. 4.36c. Here a ﬁnite array with negative Floquet currents are superimposed on the original inﬁnite array, case Fig. 4.36a. There are now no currents between the two semi-inﬁnite arrays, while the currents on these consist of the original
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Floquet current caused by the incident plane wave plus currents induced by the ﬁelds from the ﬁnite array between them and with negative currents. Note again that the currents on neither the ﬁnite arrays in Fig. 4.36b nor the two semi-inﬁnite arrays in Fig. 4.36c will in general ever consist of merely the Floquet currents. In fact, a ﬁnite array with only Floquet currents is shown in Fig. 4.36d. The only way a ﬁnite array can have constant element currents is by feeding them from constant current generators. While this is possible when feeding a ﬁnite structure as a phased array from man-made generators, an incident plane wave will merely induce a voltage in each element and not a constant current.4 The fact that many researchers assume constant currents in ﬁnite arrays when exposed to an incident plane wave is simply an approximation that leads to erroneous conclusions. These cannot be remedied by application of more or less elaborate mathematical manipulations like, for example, Poisson’s sum formula adapted to semi-inﬁnite arrays with constant current. The starting point is simply too gross an approximation to obtain meaningful insight into a much more complex problem. We ﬁnally remind the reader that the discussion above merely serves the purpose of explaining the mechanism of ﬁnite arrays. The actual decomposition into Floquet and surface wave currents as well as end currents is done by applying a Fourier analysis of the actual calculated currents obtained from the SPLAT program. Thus, whether one accepts the explanation above or not, the results speak for themselves.



4.19.2



On Surface Waves on Inﬁnite Versus Finite Arrays



In this chapter much attention has been focused on surface waves that can exist only on ﬁnite arrays. The reactions to these ﬁndings are often sharply divided. Some deny that they actually exist. Other feel intuitively: “Yes, of course they can exist. But they will be there even on an inﬁnite array, so why make all that fuss out of ﬁnite arrays?” Although an extensive discussion of this subject was given in Section 4.6, it is nevertheless a fact that many readers do not quite understand our argument or simply do not have sufﬁcient time to digest it. They would much prefer the following four-sentence contradiction. Let us assume that a surface wave with a phase velocity depending only on the inﬁnite structure was indeed present. Since the phase velocity of the Floquet currents depend only on the angle of incidence, the two waves would produce an interference wave with a wavelength unrelated to the periodicity of the array as shown, for example, in Fig. 4.19a. That would violate Floquet’s Theorem, which is valid for an inﬁnite array only, not a ﬁnite. Thus, the new kind of surface wave can exist only on the ﬁnite array. 4



Only in the inﬁnite array case is it immaterial how the elements are fed. Whatever the type of generator, we will always obtain merely Floquet currents.



CONCLUSION



4.19.3
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What! Radiation from Surface Waves?



In our EM upbringing we have been inundated with numerous “facts” of life. One of these is, Surface waves do not radiate! We can indeed agree with this “theorem,” but only if the surface wave is attached to an inﬁnite, straight structure. This point is stated very clearly in the discussion associated with Fig. 4.2. However, as also indicated in the same ﬁgure, we do indeed experience radiation when the periodic structure is ﬁnite. This phenomena is often interpreted as radiation emanating exclusively from the ends of the periodic structure while nothing comes from the rest of the structure. This is an observation, not an explanation. Even if it appears to come from the extremities of the structure, we should never lose sight of the fact that EM ﬁelds originate from electric and/or magnetic (m = E × n) currents. Thus, the total radiation from a ﬁnite periodic structure is obtained by integration of the currents present on the entire structure completely analogous to a classical antenna problem. See Section 4.8 for details. However, once the total radiation is determined, it is of course a simple matter to assume that the radiation emanates entirely from the ends of the structure and then obtain some magic coefﬁcients that potentially could be labor-saving, was it not for the fact that these are not invariant but change considerably with frequency and angle of incidence (see Section 4.9). Thus, these “magic coefﬁcients” should be traded among scientists with great reservation. And not like small boys trade baseball cards! 4.20



CONCLUSION



Much of the spotlight in this chapter has been focused upon surface waves on passive periodic structures. It appears that at this point in time we have two distinct groups, one of which is associated with the presence of a stratiﬁed medium placed in the immediate neighborhood of the periodic structure. It always requires a stratiﬁed medium to exist but is independent upon whether the structure is ﬁnite or inﬁnite. It readily shows up in programs based on the inﬁnite array approach like, for example, the PMM program. The other group can exist whether a dielectric is presented or not, but the structure must be ﬁnite. Thus, it shows up only in programs based on ﬁnite array theory like, for example, the SPLAT program and not when using the PMM program. The ﬁrst type (Type I) can be viewed merely as grating lobes trapped inside the stratiﬁed dielectric medium. Therefore they typically occur at frequencies above resonance, namely such that grating lobes has started to emerge inside the stratiﬁed medium. In contrast the second type usually occurs only in a band of frequencies considerably below the resonance frequency, like 20–30% for H-plane scan and 10% for E-plane scan and only when the interelement spacing is less than λ/2. Both types can radiate and thereby lead to enhanced scattering. They are consequently in general not very desirable.
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The ﬁrst type can usually be avoided by simply making the interelement spacings sufﬁciently small in terms of wavelength. This approach usually leads to periodic structures of superior stability of the resonance frequency with angle of incidence. Thus, there is no conﬂict here. The second type (Type II) is usually controlled by resistively loading the elements in one or more columns located at the edge of the ﬁnite structure. It is also possible to lightly load all elements in the entire periodic structure; however, this approach leads to reﬂection and transmission loss and is therefore in general not recommended (however, when dealing with active surfaces rather than passive ones, it is OK; see Chapter 5). An important application of ﬁnite ﬂat panels is for making faceted radomes. They must be treated at the edges resistively in order to attenuate the surface waves. Otherwise the RCS of such radomes will be larger than expected (in fact, this was how the presence of surface waves was ﬁrst suspected). Large faceted radomes are often made by joining smaller ﬂat sections into larger ﬂat sections. We demonstrated that the grooves between panels must be done very carefully in order not to create additional surface waves. If the radome is curved rather than ﬂat, there will be a natural attenuation due to shedding of energy along the surface. Since many radomes and dichroic surfaces in use today are in fact curved, this is probably the reason that this new type of surface wave has gone largely unnoticed.



PROBLEMS



4.1 The elements in Fig. 4.16 are encapsulated in dielectric tubing with wall thickness equal to the wire diameter and relative dielectric constant equal to 3. Without actually solving the problem, estimate and explain what will happen to the impedance curves in Fig. 4.16. How will the frequency of the surface waves change? This encapsulation can actually be done in the SPLAT program as written by Usoff [24]. 4.2 Instead of encapsulating the elements in dielectric tubing, embed the elements in a dielectric slab (ﬁnite, please!) with a total slab thickness equal to the diameter of the dielectric tubes. How will the new surface wave frequency compare with the values obtained in Problem 4.1? To the best of the author’s knowledge, this problem has not been solved rigorously for the ﬁnite dielectric slab. If anyone out there pulls it off, I deﬁnitely would like to hear about it! 4.3 In this chapter we saw several examples where a ﬁnite periodic structure exposed to an incident plane wave of oblique angle of incidence could, due to surface waves, exhibit a backscatter several decibels higher than expected when based on simple Floquet currents only.
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By inspecting several calculated bistatic scattering patterns in this chapter, discuss the loss of the reﬂection coefﬁcient in the bistatic direction. Is this problem serious? Similarly, if we instead consider an array of slots, discuss whether the loss in transmission coefﬁcient in the forward direction would be of great concern.



5 Finite Active Arrays



5.1



INTRODUCTION



In the previous chapter we studied surface waves on passive structures as for example ﬁnite FSSs. They were excited by an incident plane wave. We observed that a ﬁnite FSS in addition to the Floquet currents excited directly by the incident plane wave could also support surface waves. These would radiate and thereby lead to an increase in the scattered ﬁeld; that is, the RCS could be larger than expected. The scattered ﬁeld associated with the surface waves could be significantly reduced by resistively loading one or more columns at the edges of the ﬁnite FSS. This approach would leave the Floquet currents in the rest of the FSS unaffected; that is, the transmission and reﬂection properties of the FSS were basically left intact. In this chapter we shall investigate the effect of surface waves on active periodic structures—like, for example, ﬁnite arrays. The most signiﬁcant difference between the two cases is that while the ﬁrst is excited by an incident plane wave, the second either is excited by a generator or is delivering the incident energy to a conjugate-matched ampliﬁer, not just a reactive load. The important point here is that the generators as well as the ampliﬁers have impedances with a signiﬁcant resistive component connected to the terminals of each element. This resistive component will as shown in Fig. 1.5a exhibit a signiﬁcant attenuation on any potential surface wave. In fact, the amplitude of the surface waves on an active array is typically so low that the radiation from this component is of no great concern. However, as discussed in Section 1.4, even a small Finite Antenna Arrays and FSS, by Ben A. Munk ISBN 0-471-27305-8 Copyright  2003 John Wiley & Sons, Inc.
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amount of surface waves leads to some variation of the scan impedance of the individual elements. Thus, since it is desirable to use the same matching network for each element, precise matching can be a problem. This mismatch is typically so small that it does not adversely affect the received power. However, it may present a problem, if we are concerned with the RCS of the array as discussed in Chapter 2. Another difference between the passive and active cases is worth mentioning. The ﬁrst typically is comprised of FSS arrays with either slot and/or wire elements. They may be located in a stratiﬁed medium, but they will in general not directly contain a groundplane. In contrast, the active array will usually consist of a single array of either the wire or slot type, and they may also be located in a stratiﬁed medium but they are almost always provided with a groundplane. The groundplane serves essentially two purposes. First of all it ensures that we have only a single mainbeam, not two. Second, as discussed in Chapter 2, the groundplane can lead to a signiﬁcant reduction of the RCS of an active array. However, as discussed in Section 2.9, the area of the groundplane relative to the area of the active dipoles is crucial from an RCS point of view. Thus, the exact modeling of the ﬁnite groundplane becomes important. We shall discuss this issue in the next section.



5.2 MODELING OF A FINITE × INFINITE GROUNDPLANE



Our ﬁnite × inﬁnite groundplane is comprised of an FSS with an area approximately matching the area of the active elements. It resonates at the center frequency, yielding a reﬂection coefﬁcient equal to −1 like a perfect groundplane; however, some leakage will take place at other frequencies. Thus, it should be designed to have as broad a bandwidth as possible, or, alternatively, it may be retuned to other frequencies as deemed necessary. Examples of FSS groundplanes are shown in Fig. 5.1. More speciﬁcally, we show a typical practical version in Fig. 5.1a. Each column consists of closely spaced straight wire sections interlaced as shown. Associated with the central part of each wire section is some inductance and associated with the small gap between them is some capacitance. Thus, the equivalent circuit will look approximately as shown in Fig. 5.1b. At resonance the reactance of such s sheet is zero; that is, it will act as a groundplane as noted already above. Alternatively, the practical layout may also be executed by using actual lumped elements as shown in Fig. 5.1c. In fact, the inductances can consist of straight wire sections as shown in Fig. 5.1d. Similarly the capacitors may be partly lumped. They are simply in parallel with the end capacitors between adjacent element tips. This capacitance can be much more signiﬁcant than many people expect (for further comments concerning this subject see references 89 and 90). Thus, the lumped capacitors act more like a ﬁne-tuning device. See also Section 6.4.
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Fig. 5.1 Modeling of the reﬂecting groundplane by using FSS’s of various forms.



5.3



FINITE × INFINITE ARRAY WITH AN FSS GROUNDPLANE



In Chapter 2 we discussed the backscatter from large arrays in general without considering the possible effect of surface waves or edge scattering. We shall investigate both of these phenomena in this chapter. As a simple but very instructive introduction to the latter, let us now consider the bistatic scattering pattern for a ﬁnite × inﬁnite array of active dipoles backed by a ﬁnite × inﬁnite FSS “groundplane” of the type discussed in Section 5.2. It illustrates many of the ideas and concepts discussed in Chapter 2. The calculated curves were obtained from the SPLAT program as were the curves in Chapter 4. A top view of the array layout with the FSS groundplane is shown in the insert of both Figs. 5.2 and 5.3. It is comprised of 20 columns of active elements and twice as many FSS elements. The reason for more passive than active elements is simply to make the FSS groundplane more broadbanded. (In general, the closer the elements, the greater the bandwidth; cf. the “Gangbuster” array in reference 91.) Putting the FSS elements closer together raises the resonance frequency somewhat. Since the elements cannot be made longer without disturbing the periodicity, all the passive elements have instead been loaded with ZL = j 208 ohms (note: Here we do not use interlaced elements of the type shown in Fig. 5.1a, just
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Fig. 5.2 Calculated bistatic scattered ﬁeld obtained from the SPLAT program of a ﬁnite array of dipoles backed by a ﬁnite FSS ‘‘groundplane’’ for an incident plane wave arriving at broadside (0◦ ). Two curves: One for the driven dipoles short-circuited (S.C.) and another when loaded with ZL = 315 ohms.



0 Array loaded with 315 Ω, i.e., Γ = 0.274 ∠ 23.7° or 11.2 dB below S.C.



−10



Magnitude in DB



−20



−30



−40



E1 Er Driven dipoles 315 Ω



−50



ZL = 195 + 75 C.M. Tuned dipoles ZL = j208 Ω



Array C.M. Γ=0 −60 −90



−60



−30



0



30



60



90



120



150



180



210



240



270



Angle in degrees



Fig. 5.3 Calculated bistatic scattered ﬁeld of a ﬁnite array of dipoles backed by a ﬁnite FSS ‘‘groundplane’’ for an incident plane wave arriving from 0◦ . Two curves: One when loaded with ZL = 315 ohms (like Fig. 5.2) and another when conjugate-matched. Obtained from the SPLAT program.



single straight elements). Actually this kind of tuning does not enhance the bandwidth, but we are here at present only concerned with one frequency (obviously these curves were obtained early on before we had reached our present level of sophistication).
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A plane wave is incident broadside to this array—that is, at 0◦ . The bistatic scattered ﬁeld is obtained from the SPLAT program in the entire range from −90◦ to 270◦ . Furthermore, we show the bistatic ﬁelds for various load conditions of the active elements. First in Fig. 5.2 we show two curves, one where the active elements are short-circuited and denoted S.C. and another where ZL = 315 ohms. Note that for ZL = 0 the backscattered ﬁeld looks like it is coming from a groundplane the size of the array. Furthermore, for ZL = 315 ohms and with ZA = 195 − j 75 ohms we obtain a reﬂection coefﬁcient =



ZL − ZA 315 − 195 + j 75 ◦ = = 0.274 23.7 , ZL + ZA 315 + 195 − j 75



or 11.2 dB below the short-circuited load as actually observed in Fig. 5.2. Furthermore, in Fig. 5.3 we show the bistatic scattered ﬁeld when ZL = 195 + j 75 ohms—that is, conjugate-matched. We also repeat the case ZL = 315 ohms to facilitate comparisons. The conjugate-matched case is particularly interesting. According to Section 2.9 and more precisely Fig. 2.12, Example II, we should expect the backscattered ﬁeld to be approximately equal to zero. Inspection of Fig. 5.3 reveals a level of ∼38 dB below a ﬂat plate and not ∞ dB. In the next section we will show that this discrepancy is caused by an edge effect. We shall in fact devise an approach that not only very precisely pinpoints where the excess scattering is coming from but also how to alleviate it. Finally we further note in Figs. 5.2 and 5.3 that the forward-scattered ﬁeld at ±180◦ is practically independent of the load impedance ZL of the active elements as was predicted in Section 2.9. This is also an excellent place to remind the reader that the total ﬁeld in the forward direction is the sum of the incident ﬁeld and the forward-scattered ﬁeld. The former is merely a plane wave with an amplitude that is conceptually independent of its distance from the array in the forward direction. However, the latter will, as all ﬁelds scattered by an object of ﬁnite extent, be attenuated as we move away from the antenna. Thus, although the two components cancel each other approximately right behind the groundplane and produce “darkness” as one would expect, the incident ﬁeld will soon dominate the scattered ﬁeld. The result is that the “shadow” from the antenna will soon be blurred and eventually practically disappear. In other words, beating the stealth concept by observing the forward-scattered ﬁeld might not be as easy as some individuals like to think.



5.4



MICROMANAGEMENT OF THE BACKSCATTERED FIELD



We are now going to show how we can pinpoint exactly any scattering anomalies in an array and how to alleviate it. To illustrate our approach, we are again going to consider a ﬁnite array of active dipoles backed by a ﬁnite FSS groundplane as shown in Fig. 5.4, top. It is being exposed to an incident plane wave at broadside.
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Fig. 5.4 Modeling of a ﬁnite array with a ﬁnite groundplane.



We start by calculating all column currents in the entire array conﬁguration. Note that we take into account all mutual impedances between all wire segments; that is, the calculated currents are exact within the accuracy of the Method of Moments. Most readers would at this point be tempted to obtain the entire scattered ﬁeld by simply adding the ﬁelds reradiated by each wire section. Although this would be technically correct, it is precisely what not to do. Rather, the scattered ﬁelds should be grouped together in a meaningful way. More speciﬁcally, for the case shown in Fig. 5.4 we add the ﬁelds from each active column to the ﬁelds from the two passive columns located right behind it
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Fig. 5.5 Top: Typical transmitting or receiving pattern for a typical triad comprised of an active column of dipoles and two columns of passive FSS elements. Bottom: Typical scattering pattern from the same triad as above.



(we call such a conﬁguration a triad). The reason for combining the ﬁelds in that way is illustrated in Fig. 5.5. At the top we show a typical radiation pattern for a single active column backed by two passive columns. This radiation pattern is similar to a cardioid pattern with the main beam pointing upward. At the bottom we show the scattered pattern for the same conﬁguration when exposed to a plane wave incident from above. Note that the mainbeam is pointing downward. It is, however, not merely equal to the transmitting pattern rotated 180◦ . In particular we note that the transmitting pattern is completely independent of the load impedance ZL while the scattering pattern in the backward sector is highly dependent on ZL (see also the discussion in Section 2.9 as well as Problem 2.6).
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Fig. 5.6 A plane wave incident upon a ﬁnite array of triads produced the backscattered signals Enr . By plotting n = Enr /Ei in the complex plane, each triad can be analyzed and adjusted separately.



r



Let us denote the ﬁeld from each triad by E n . We then deﬁne the reﬂection coefﬁcient for each triad as n = Enr /Ei , where Ei denotes the incident ﬁeld. The “trick” is now to plot n in the complex plane as shown, for example, in Fig. 5.6. Note that the n ’s are different for each triad because Floquet’s Theorem is no longer valid for a ﬁnite array. Our next step is inspired by the Smith chart. (Some readers are happy to see this ingenious device “back in” in our curriculum. It was never “out” as far as I am concerned. See Chapter 6 and Appendices A and B and you will understand my devotion.). Consider an inﬁnite array of active dipoles loaded with ZL and backed by an inﬁnite FSS groundplane as shown in Fig. 5.7, bottom. Let us plot the reﬂection r i coefﬁcient  = E /E for the inﬁnite array in a complex plane as, for example,
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Fig. 5.7 A plane wave incident upon an inﬁnite array of active elements in front of an inﬁnite groundplane. By plotting the reﬂected ﬁeld in a complex plane (in this case a Smith chart) we can adjust the load impedances ZL of the active dipoles such that the reﬂected ﬁeld disappears in the backscatter direction.



a Smith chart normalized to RA as shown in Fig. 5.7, top. The complex reﬂection coefﬁcient  is then determined by the location of ZL + j XA as shown in Figs. 2.3 and 2.6. (In fact, if j XA = 0, the reﬂection coefﬁcient  reduces to the ordinary reﬂection coefﬁcient as explained in Fig. 2.3.) The beauty of the Smith chart (one of many) is now that the location of ZL + j XA will tell us how to adjust ZL to obtain  = 0. For example, if ZL + j XA is located in the upper right half of the Smith chart as shown in Fig. 5.7, we know
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immediately that the inductance j XL should be reduced and so should RL in order to minimize ||. The idea is now that we can at least in principle use a similar technique to reduce the individual reﬂection coefﬁcients |n | shown in Fig. 5.6. However, while the adjustment of ZL can be done precisely in the Smith chart, this is not quite the case for |n | shown in Fig. 5.6. One reason being that the ﬁeld reﬂected from the inﬁnite array is a simple plane wave (we assume the evanescent waves have died out), while the ﬁelds from the triads are a combination of Hankel functions. Should we call this new chart a Hankel chart? Somebody could work it out and cover himself with fame and glory. See also comments in Section 5.8.



Fig. 5.8 The backscattered ﬁelds from a ﬁnite array of 7 triads plotted in the rectangular complex plane. All active dipoles are loaded with the same impedance equal to 235 ohms. This value leads to nearly no backscatter for all the triads at f = 10.0 GHz except for the edge columns 4 and 4 . By adjusting the loads for these two separately, the backscatter from these could also equal zero. (From Johnson [75].)
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A typical plot of the ﬁelds from 7 triads is shown in Fig. 5.8. We immediately note the two most important problems in a ﬁnite array: 1. The ﬁelds scattered from each of the two outer columns (denoted 4 and 4 ) are different and for the load impedance ZL = 235 ohms larger than all the other triads at 10 GHz. However, if we change the load impedances for each of the outer columns by adding a little inductance and by lowering the real part, we can reduce the edge scattering that is so prominent in Fig. 5.3 for conjugate match. (Inspection of the scattering pattern in the ﬁgure with ﬁne lobes of almost equal amplitudes is a strong indication that the scattering does originate on the edges.) 2. The second problem is somewhat more intriguing, namely the fact that the scattering from the various triads varies erratically (“jitters”). In principle we could match the individual columns with the proper but different load impedances and obtain zero total scattering. However, this approach is deemed too cumbersome and impractical. We would prefer to solve this problem in a more elegant and universal way. We suspect that the impedance variation from column to column is related to surface waves (or at least a degenerate form of a surface wave). In the next sections we shall identify the problem and show how to reduce their effect.



5.5



THE MODEL FOR STUDYING SURFACE WAVES



We shall next study surface waves on active arrays with a ﬁnite FSS groundplane. Our model will be similar to the one used in the previous section—except that in order to properly study surface waves, the model must be considerably wider. The fundamental problem is now that all ﬁnite periodic structures may exhibit strong presence of surface waves at least at some frequencies as discussed in Chapter 4. We may envision that the ﬁnite FSS groundplane alone shows surface waves in one frequency band and the active array possibly in another. However, when the active array is placed adjacent to the FSS groundplane, we would expect both of these frequency bands to change and, possibly, to degenerate into a single frequency band. From a practical point of view, it is of course the surface waves on the combined structure that are most important. Although it is feasible that an actual practical array could be built as modeled here namely by using a ﬁnite FSS groundplane, it is more likely that the groundplane will consist of just a ﬁnite piece of perfectly conducting sheet metal with holes so small that no surface wave can exist. In that case the possible surface waves will depend only on the active array elements and is therefore less complex. More speciﬁcally, if we can learn to control the surface wave phenomena on arrays with ﬁnite FSS groundplanes, there is good reason to expect that we can do the same when using a ﬁnite perfectly conducting groundplane.
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Calculating the effect of a ﬁnite conducting groundplane may not be as simple as some individuals think. Merely using the scattering mechanisms of a semiinﬁnite groundplane may be jeopardized by the presence of the active array (simply “trading” these coefﬁcients as baseball cards should not be encouraged). Also, use of plates as is ordinarily done in the Method of Moments often leads to leaks behind the groundplane which are avoided completely at the resonant frequency of the FSS groundplane. Thus, in the following we shall use the ﬁnite FSS groundplane and accept the greater complexity due to the more intricate presence of surface waves. In the next section we shall examine these surface waves in more detail and also ways to alleviate them.



5.6 CONTROLLING SURFACE WAVES ON FINITE FSS GROUNDPLANES



In this section we shall investigate surface waves on ﬁnite FSS groundplanes without any active dipoles. Typically they are comprised of interlaced wire elements each of length 1.35 cm as shown schematically in the insert of Fig. 5.9, bottom. The frequency scattering diagram is also shown in Fig. 5.9, top, for angle of incidence equal to 45◦ . To the left we show the frequency range 2.0–6.7 GHz, and to the right we show the range 6.8–12.0 GHz. It is obvious by inspection that surface waves are signiﬁcant in the lower frequency range but not in the upper range, in accordance with our observations in Chapter 4, Section 4.9.3. By inspection of Fig. 5.9 we chose the frequency 5.7 GHz (more or less arbitrarily) as a representative of a range of frequencies with strong surface waves. The actual column currents obtained from the SPLAT program are shown in Fig. 5.10. Indeed, we observe very strong surface waves at that frequency. We shall attempt to suppress these surface currents similarly as we did in Chapter 4, namely by loading the edge columns only with resistors located at the center of each element. Two examples are shown in Figs. 5.11 and 5.12, respectively. In the ﬁrst case we have loaded the three outermost columns with the load resistors 200, 100, and 50 ohms, respectively, as shown in the insert of Fig. 5.11, bottom. Similarly, the example in Fig. 5.12 has the seven outermost columns loaded with resistors as indicated in the ﬁgure. In the following we shall refer to these as the lightly and heavily loaded cases, respectively. We observe a signiﬁcant reduction of the surface waves as compared to the “wild” case shown in Fig. 5.10, in particular for the heavily loaded case shown in Fig. 5.12. Neither of these two cases represents in any way the optimum. Undoubtedly, further improvement is possible. However, we should not lose sight of the fact that our “ﬁnal” product in reality is the ﬁnite FSS groundplane including the active loaded columns in front. Since such a combination can be expected to have strong surface waves in a frequency range somewhat different from what we saw in Figs. 5.9 and 5.10, we shall postpone further investigation of this subject until the next section.
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Fig. 5.9 The ﬁeld reﬂected from the ﬁnite FSS array shown in the middle and plotted in the complex plane as a function of frequency (scattering diagram). Top left: The frequency range 2.0–6.7 GHz where surface waves are prevalent. Top right: The frequency range 6.8–12.0 GHz shows no sign of strong surface waves.



Finally we should remind ourselves that a practical antenna probably will be made with a groundplane comprised of a ﬁnite perfectly conducting groundplane rather than using a ﬁnite FSS (except perhaps at the edges; see later). Thus, in that event our interest in surface waves associated with the ﬁnite FSS groundplane has been reduced to be of merely academic interest. 5.7 CONTROLLING SURFACE WAVES ON FINITE ARRAYS OF ACTIVE ELEMENTS WITH FSS GROUNDPLANE



In the previous section we found surface waves on the FSS groundplane most prevalent below 6.7 GHz. Let us now examine the more complicated problem
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Fig. 5.10 The element currents (column) for the ﬁnite FSS array without loading shown at the bottom. Incident ﬁeld at broadside. Frequency 5.7 GHz where strong surface waves are present.



where our structure consists of the same ﬁnite FSS groundplane as above but with active elements placed in front of it. This structure will be tested for surface waves at three frequencies: the same low frequency as before, fL = 5.7 GHz; a frequency in the middle, fM = 7.8 GHz; and the highest frequency, fH = 10 GHz. 5.7.1



Low Test Frequency fL = 5.7 GHz



We show in Fig. 5.13 the column currents on the lightly loaded FSS groundplane shown earlier in Fig. 5.11. The active elements are loaded with RL = 100 ohms,
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Fig. 5.11 The element currents for the same ﬁnite FSS array as shown in Fig. 5.10, but with light loading as shown at the bottom. Note the dramatic reduction of current oscillations—that is, weaker surface waves. Also note the change of scale compared to Fig. 5.10.
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Fig. 5.12 The element currents for the same ﬁnite FSS array as shown in Figs. 5.10 and 5.11, but heavily loaded as shown at the bottom. Note the further reduction of the surface waves.



which is actually rather low considering that the antenna resistance RA is ∼235 ohms (see later). Thus, we also show in Fig. 5.14 the lightly loaded FSS groundplane case but where the active elements are now loaded with RL = 200 ohms. We note that the current variations from element to element are of approximately the same magnitude in both cases and although small, it
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Fig. 5.13 The element currents of the active dipoles placed in front of the lightly loaded FSS array shown in Fig. 5.11. The active dipoles are all loaded with 100 ohms. Frequency is 5.7 GHz.



would be desirable to have them even lower. Note also that the average current is reduced from ∼0.043 to ∼0.032 as expected (see Section 1.4). Thus, we show in Fig. 5.15 the heavily loaded FSS groundplane case and where the active elements again are loaded with RL = 200 ohms. We observe
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Fig. 5.14 The element currents of the active dipoles placed in front of the lightly loaded FSS array shown in Fig. 5.11. The same case as shown in Fig. 5.13, but this time all the active dipoles are loaded with 200 ohms. Frequency is 5.7 GHz.



a signiﬁcant reduction of the current variations as expected. This experiment seems to show rather conclusively that it is the ﬁnite FSS groundplane that is the “troublemaker.” However, this hypothesis must be tested at other frequencies.
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Fig. 5.15 The element currents of the active dipoles placed in front of the heavily loaded FSS array shown in Fig. 5.12. The active dipoles are loaded with 200 ohms. Frequency is 5.7 GHz.



5.7.2



Middle Test Frequency fM = 7.8 GHz



We next show the same three cases as in Figs. 5.13, 5.14, and 5.15, but at the middle frequency fM = 7.8 GHz. More speciﬁcally, Figs. 5.16 and 5.17 show the lightly loaded FSS groundplane with active load impedances RL = 100 ohms and 200 ohms, respectively. This time we observe a signiﬁcant reduction of the
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Fig. 5.16 The element currents of the active dipoles placed in front of the lightly loaded FSS array shown in Fig. 5.11. Active dipole loading is 100 ohms—that is, same case as Fig. 5.13 except frequency is equal to 7.8 GHz.



surface wave for 200 ohms as we would expect but did not observe in Figs. 5.13 and 5.14. Furthermore, we show the heavily loaded FSS case in Fig. 5.18 for load impedance RL = 200 ohms. Curiously, we do not observe much of an improvement except at the edge region.
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Fig. 5.17 The element currents of the active dipoles placed in front of the lightly loaded FSS array shown in Fig. 5.11. Active dipole loading is 200 ohms—that is, the same case as Fig. 5.14 except frequency is equal to 7.8 GHz.



5.7.3



High Test Frequency fH = 10 GHz



In Figs. 5.19, 5.20, and 5.21 we ﬁnally show the same three test cases as above but at the high test frequency fH = 10.0 GHz. Again, we show the lightly loaded cases in Figs. 5.19 and 5.20 with active loads being equal to RL = 100 ohms and
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Fig. 5.18 The element currents of the active dipoles placed in front of the heavily loaded FSS array shown in Fig. 5.12. Active dipole loading is 200 ohms—that is, the same case as Fig. 5.15 except frequency is equal to 7.8 GHz.



200 ohms, respectively. As expected, we observe the most signiﬁcant reduction of the surface waves when the active load resistance RL is highest. Similarly, we show in Fig. 5.21 the heavily loaded FSS case when the load resistance RL is 200 ohms. As we saw earlier above, the oscillations have not been reduced in the largest part of the array, only in the edge region.
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Fig. 5.19



Same case as shown in Figs. 5.13 and 5.16 except frequency is 10.0 GHz.



5.8 THE BACKSCATTERED FIELDS FROM THE TRIADS IN A LARGE ARRAY



The scattering diagrams at normal angle of incidence from an array consisting of 7 triads was shown in Fig. 5.8. All the active dipole elements in front of the FSS groundplane were loaded with identical resistors RL = 235 ohms. We observed
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Fig. 5.20 Same case as shown in Figs. 5.14 and 5.17 except frequency is 10.0 GHz.



that the backscattered ﬁelds from the two edge triads differed signiﬁcantly from the other triads. These, however, looked basically alike except for some minor deviations, often referred to as “jitter.” This phenomenon appears to be typical for all ﬁnite periodic structures regardless of their extent. It has long been a source
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Fig. 5.21



Same case as shown in Figs. 5.15 and 5.18 except frequency is 10.0 GHz.



of irritation to designers of practical arrays since it makes precise matching of each triad with identical matching networks problematic. And as discussed in Chapter 2, superior matching is crucial if a low RCS at normal angle of incidence is desirable.
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We postulated that this problem was associated with the presence of surface waves characteristic for ﬁnite structures. Thus, to reduce the jitter our aim should be to suppress these surface waves as much as possible. We shall test this hypothesis on an array backed by the heavily loaded FSS groundplane shown in Figs. 5.15, 5.18, and 5.21. Thus, we show in Fig. 5.22 the scattering diagrams of 5 typical triads in an array of 50 triads. Each of the active elements are loaded with identical loads RL = 235 ohms, and the distances between the active elements and the FSS groundplane are all equal to 0.68 cm. These values bring the backscatter at 10 GHz to the center of the scattering diagram; that is, we experience no backscatter at that frequency. However, we do at all other frequencies. To determine how much, we introduce the VSWR circles in the following way. We choose a VSWR equal to say m1 and load the active elements with RL /m1 and RL m1 ohms, respectively (where as noted above RL = 235 ohms). From the SPLAT program we then obtain the reﬂection coefﬁcients for each of these values and plot them in the complex plane as shown in Fig. 5.22. These two reﬂection coefﬁcients are located diametrically opposite in the complex plane and will consequently determine the circle corresponding to VSWR = m1 . For easy reference we also show in Fig. 5.22 the reﬂection coefﬁcients (in decibels) corresponding to the respective VSWRs. The triads depicted in Fig. 5.22 are nos. 10, 15, 23, 24, and 25—that is, typical specimens removed somewhat from the edges of the array. We observe that the reﬂected ﬁelds from all 5 triads in the frequency range 7–12 GHz are so close to each other that they practically melt together into single points. However, below 7.0 GHz this is certainly not the case. In fact, we show the scattering diagram for triad no. 23, 24, and 25 in Fig. 5.23 for the frequency range 5.0–7.0 GHz. Obviously, similarity between any of these 3 triads would be a complete coincidence. We strongly suspect that this phenomenon is directly related to the very strong presence of surface waves below 6.7 GHz in the FSS groundplane as observed clearly in the scattering diagram shown in Fig. 5.9. In other words, even heavy loading is not sufﬁcient to completely eradicate the surface waves in the ﬁnite FSS groundplane at these lower frequencies. However, we should by no means despair and conclude that operating a phased array with precision at the lower frequencies is a real problem. Recall that we are using the FSS groundplane merely to model a ﬁnite groundplane. When actually building a practical array, we would most likely use an ordinary piece of sheet metal of ﬁnite length and with holes so small that surface waves would be unlikely. Which brings us right up to the very important question: What actually happens at the very edges of the ﬁnite array? To answer that question we show in Fig. 5.24 the scattering diagram for the 5 triads closest to the edge, namely nos. 1, 2, 3, 4, and 5, respectively. Recall now that these triads, besides being at the edge, have the FSS portion right behind the active elements loaded heavily with resistors in order to attenuate potential surface waves (see Fig. 5.21). Thus, we would expect the scattering diagrams to differ somewhat from the “inner” triads shown in Fig. 5.22. Obviously, we
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Fig. 5.22 The scattering diagrams for 5 typical triads as shown in an array of 50 triads. Note how the scattering from all 5 triads is virtually identical in the frequency range 7–12 GHz without any jitter as was the case in the untreated array in Fig. 5.8. Below 7 GHz we observe strong jitter as shown in detail in Fig. 5.23.



would like to reduce the backscatter from these outer triads as well. However, we are (or should be) prepared to use special RL ’s and design special matching networks for these triads that differ from the ones designed for the majority. This would just be considered part of the edge treatment we would expect to do for any ﬁnite structure.
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Fig. 5.23 The scattering diagram for the 3 triads in the enter of the same array as in Fig. 5.22 but in the frequency range 5–7 GHz. The strong jitter is attributed to surface waves present in the FSS groundplane as shown in Fig. 5.9.



More speciﬁcally, we observe in Fig. 5.24 that triads 1 and 2 show the greatest deviation while triads 3, 4, and 5 more closely follow the majority shown in Fig. 5.22. Furthermore, if triad 1 is loaded with 220 ohms rather than RL = 235 ohms and the spacing between the active element and the FSS groundplane is decreased
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Fig. 5.24 The scattering diagram for the 5 triads closest to the edge of the same array as shown in Figs. 5.22 and 5.23. Note how the jitter is reduced as we move away from the edges for frequencies above 7 GHz but not below.



to 0.62 cm rather than 0.68 cm, we can as shown in Fig. 5.25 bring the 10-GHz point to the center while the other frequencies are now much closer to each other. Similarly, triad 2 can be brought closer to the center by increasing the load resistor to 280 ohms while we leave the spacing between dipole and FSS unchanged at 0.68 cm.
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in Fig 5.15



Fig. 5.25 By decreasing the load resistor to 220 ohms and reducing the spacing between dipole and the FSS to 0.62 cm, triad 1 can be moved close to the center. Similarly, triad 2 is loaded with 280 ohms.



5.9 ON THE BISTATIC SCATTERED FIELD FROM A LARGE ARRAY



In the previous section we determined the backscattered ﬁelds from the individual triads at normal angles of incidence. This information yields the RCS at boresight and is very important from a practical point of view. It is, however, very instructive to observe how the ﬁeld is scattered in all directions when the incident ﬁeld is arriving from a ﬁxed direction. Thus, we show at the top of Figs. 5.26 through 5.29 the bistatic scattered ﬁeld at f = 5.7, 7.8, 10.0, and 12.0 GHz, respectively, for a typical triad (no. 25).



166



FINITE ACTIVE ARRAYS



Fig. 5.26 Top: The bistatic scattered ﬁeld from a single typical triad (no. 25). Bottom: The bistatic scattered ﬁeld from the entire array of 50 triads. Normal angle of incidence. f = 5.7 GHz.



The direction of the incident wave is normal to the array. Note that the backscatter at the lowest frequency (5.7 GHz) is relatively high due to the inferior matching as observed in Figs. 5.22 and 5.23. However, at the design frequency 10 GHz the backscatter is very low as expected due to the superb matching as illustrated in Fig. 5.22.
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Fig. 5.27 Top: The bistatic scattered ﬁeld from a single typical triad (no. 25). Bottom: The bistatic scattered ﬁeld from the entire array of 50 triads. Normal angle of incidence. f = 7.8 GHz.



If all the triads had identical bistatic scattering patterns, we could next obtain the total bistatic scattered ﬁeld for the entire array by multiplication with the array factor. A typical example of this factor at 10 GHz is shown in Fig. 5.30. At other frequencies they look similar except for the beamwidth and are therefore not shown.
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Fig. 5.28 Top: The bistatic scattered ﬁeld from a single typical triad (no. 25). Bottom: The bistatic scattered ﬁeld from the entire array of 50 triads. Normal angle of incidence. f = 10.0 GHz.



However, the bistatic scattering patterns are as implied earlier not quite the same for the triads located close to the edges (see Figs. 5.22 and 5.25). Thus, simple array theory strictly speaking does not apply, although it is actually fairly accurate for large arrays with compensated edges as noted later. We will therefore obtain the bistatic scattered ﬁeld from the entire array by simply adding the bistatic scattered ﬁeld from all the individual triads. Typical examples are shown at the bottom of Figs. 5.26 through 5.29 at the same frequencies as above, namely 5.7, 7.8, 10.0, and 12.0 GHz, respectively.
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Fig. 5.29 Top: The bistatic scattered ﬁeld from a single typical triad (no. 25). Bottom: The bistatic scattered ﬁeld from the entire array of 50 triads. Normal angle of incidence. f = 12.0 GHz.



Again, as expected, we note a very high backscatter at the lowest frequency 5.7 GHz while we observe a very low backscatter at the design frequency 10 GHz. Furthermore, we observe that the forward scattered ﬁeld is at the same level as the backscatter of a perfectly conducting groundplane at the same size as the ﬁnite array. This is in agreement with our observations in Figs. 5.2 and 5.3. Next, in Figs. 5.31 through 5.34 we show the bistatic scattered ﬁeld for the same array as above but for angle of incidence equal to −30◦ . At the top we
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Fig. 5.30 The array factor for the entire array of 50 triads. Normal angle of incidence. f = 10.0 GHz. The factors at the other frequencies look quite similar except for beamwidths.



show the pattern for a single typical triad (no. 25), and at the bottom we show the bistatic scattered pattern for the entire array. Furthermore, in Fig. 5.35 we show a typical array factor for the entire array at f = 10 GHz and angle of incidence equal to −30◦ . The patterns at other frequencies look similar. It is interesting to note that the backscatter level for oblique incidence is considerably lower than that for normal incidence due to the array factor. Again we note that the level in the forward direction (150◦ ) is 0 dB as it was for normal angle of incidence. Finally we observe that the specular scattered ﬁeld is quite closely equal to the normalized scattering value of a single triad only. Similarly, the backscattered ﬁeld can be obtained as the sum of the backscatter from a triad and the array factor. This shows that for a large array with adjusted edge triads the total scattered ﬁeld could have been obtained quite accurately by simple pattern multiplication of a typical triad and the array factor.
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Fig. 5.31 Top: The bistatic scattered ﬁeld from a single typical triad (no. 25). Bottom: The bistatic scattered ﬁeld from the entire array of 50 triads. Angle of incidence is −30◦ . f = 5.7 GHz.



We may also state that the backscatter from a large array looks similar to that of an equal-sized groundplane from where we subtract the triad scattering. To summarize: At broadside the backscattered ﬁeld for a large array with compensated edges depends essentially on the scattering level of a typical triad. At oblique angle of incidence the total backscatter is given as the sum of the array factor and the triad scattering. Thus, even if the scattering pattern for a typical triad deteriorates somewhat for oblique incidence, the lower sidelobe level of the array factor can still be quite instrumental in producing a low backscatter for the entire array.
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Fig. 5.32 Top: The bistatic scattered ﬁeld from a single typical triad (no. 25). Bottom: The bistatic scattered ﬁeld from the entire array of 50 triads. Angle of incidence: −30◦ . f = 7.8 GHz.



5.10



FURTHER REDUCTION: BROADBAND MATCHING



We demonstrated above that the backscatter is proportional to the reﬂection coefﬁcient . The array was matched at 10 GHz. At other frequencies  was larger, resulting in a stronger scattering from the individual triads.
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Fig. 5.33 Top: The bistatic scattered ﬁeld from a single typical triad (no. 25). Bottom: The bistatic scattered ﬁeld from the entire array of 50 triads. Angle of incidence is −30◦ . f = 10.0 GHz.



Thus, by better matching at all frequencies the backscatter could be further reduced. In other words we need to add a carefully designed matching network at the terminals of all the dipole elements. This network can be designed to be identical for all the typical triads since the array can be made free from jitter as seen earlier. The active input impedance for triad 25 is shown in Fig. 5.36, bottom. It will be observed that the VSWR is ∼1.02 at 10 GHz. In Fig. 5.36, top, we observe
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Fig. 5.34 Top: The bistatic scattered ﬁeld from a single typical triad (no. 25). Bottom: The bistatic scattered ﬁeld from the entire array of 50 triads. Angle of incidence is −30◦ . f = 12.0 GHz.



that the backscattered ﬁeld at 10 GHz has a reﬂection coefﬁcient corresponding to a standing wave ratio equal to ∼1.01. Considering that these calculations were obtained using only one mode, this agreement is quite satisfactory. See also Problem 5.3. In Appendix B we review the principles for broadband matching, and in Chapter 6 we apply them to broadband arrays. In Problem B.3 you are invited to design a broadband matching network for the active input impedance shown in Fig. 5.36, bottom.
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Fig. 5.35 The array factor for the entire array of 50 triads. Angle of incidence is −30◦ . f = 10.0 GHz. The factors at the other frequencies look quite similar except for beamwidth.



5.11 5.11.1



COMMON MISCONCEPTIONS On Minimizing the Backscattering by Optimization



It is often suggested to minimize the backscattering from a ﬁnite array by a computerized optimization process. (Some people will go to great length to avoid any involvement with the physics of their problem. Some have no choice.) While such an approach is feasible, it should be applied with great care. A very simple example will illustrate what can easily go wrong and undetected by operators whose intellectual capacity is limited to comparing numbers. In Fig. 5.37a we show the typical backscattered ﬁelds in vector form from each triad similar to the case in Fig. 5.8. Recall that the ﬁelds scattered from the two edge triads are quite different from the rest if all the triads are loaded with identical load resistors RL . This was simply because the terminal impedances of the edge triads were in a different element environment, resulting in terminal impedances different from the rest.
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1.1 1.2 1.3 1.4 VSWR = 1.5



Fig. 5.36 Top: The backscattered ﬁeld for triad 25 in an array of 50 triads. Bottom: The active input impedance for triad 25. Note that the incident ﬁeld reﬂected from the outside very closely matches the magnitude of the reﬂection coefﬁcient as seen at terminals from the inside. This shows that the residual scattering is ∼0.



When applying a computerized approach, we would most likely calculate the total backscattered ﬁeld—that is, the sum of the triad ﬁelds. Typically a computer would then in all likelihood ﬁnd the simple solution shown in Fig. 5.37b. By variation of the identical load impedances ZL , the computer would produce a
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Fig. 5.37 Reducing the backscatter by an unguided optimization program typically produces inferior results. (a) Typical backscattering from the individual triads—in this case, strong at the edges and smaller elsewhere (see Fig. 5.8). (b) By varying the load impedances ZL an optimization program calculating the total backscattered ﬁeld will typically ﬁnd a solution where the strong edge scattering simply cancels the weaker scattering from the triads elsewhere. However, the solution is not very broadbanded and is very sensitive to angle of incidence. (c) A much better solution is to reduce the backscatter from all triads and make them as close to zero as possible as discussed in Sections 5.4 and 5.9.



solution where the strong scattering from the two edge triads would simply cancel the sum of the much smaller ﬁelds from all the other triads. Thus, the total backscattered ﬁeld could certainly easily be zero, but the result is obtained by simple cancellation which is in principle risky unless done with care. In this case the solution will be narrow-banded and highly sensitive to the angle of incidence. A better solution is shown in Fig. 5.37c. Here the ﬁelds from each triad have been forced to be zero by the process discussed earlier in this chapter. It does not rely on simple cancellation and will consequently be more broadbanded and less sensitive to angle of incidence. Oh yes, there is more to design than just run a computer, or worse yet, let the computer run itself without any interference from the human brain. 5.11.2



Can the RCS be Reduced by Treating the Dipole Tips?



In Problem 5.1 we address the fact that the backscatter does not always even appear to originate from the edges of a reﬂecting surface. A related misconception is the notion that the backscatter from an array is originating at the very tips of the dipoles. Thus, it is often reasoned that if the tips could somehow be treated in some magic fashion, the backscatter from the array could possibly be reduced.
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A common attack along this idea is to simply place resistors at the very tips of the dipoles. However, since there is basically no conducting current in this area, anything placed here will be practically ineffective (except possibly a small change in resonance frequency due to a slight increase in the end capacitance of the dipoles). In order for a resistive loading to be effective, it must be inserted at a place where there is a current. And there must be a groundplane. And that happens to be precisely what we do when we place load resistors in the middle of the dipoles as amply demonstrated in this chapter. Asymptotic methods and way of thinking work ﬁne at high frequencies when applied correctly. But they should not blindly and religiously be carried into the resonance region. They may “work” in some cases, but often merely due to luck and by coincidence. 5.12



CONCLUSION



In Chapter 2 we introduced the reader to the fundamentals of the RCS of antennas in general. We demonstrated how the scattering from any antenna could be decomposed into two components, namely the antenna mode component proportional to the mismatch at the terminals of the elements and another component today usually referred to as the residual scattering component. (For further discussion on this subject see Section 2.2.) Array antennas with groundplane were of particular interest since they turned out to have no residual scattering component, at least potentially. Thus, to obtain zero backscatter we merely would have to match each element perfectly. While this sounds conceptually simple, there are practical problems to be solved. First, the triads in the edge area will have terminal impedances signiﬁcantly different from all the other triads. This is simply related to the fact that the elements at the edge are in a different environment as far as mutual impedances are concerned. Thus, if the inside triads are conjugate-matched and the edge triads loaded with the same impedances, mismatch will occur, causing a signiﬁcant amount of scattering from the edge columns. The second problem is actually more complex. When considering an inﬁnite array, the terminal impedance will be the same from element to element in accordance with Floquet’s Theorem. However, when the array is ﬁnite, it is well known that the terminal impedance will differ from element to element in an oscillating way around the inﬁnite array value (sometimes denoted as jitter). We postulated that this phenomenon was related to the presence of surface waves of the same type as encountered in Chapter 4. However, there is a signiﬁcant difference in amplitude of these surface waves in the passive and active cases. This is due to the fact that the elements in the former case in general are loaded with pure reactances (if any), while the elements in the latter case are (or should be) connected to individual ampliﬁers or generators containing substantial resistive components (as encountered when conjugate matched).
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These resistive components cause signiﬁcant attenuation of potential surface waves along the structure. In fact, they will in general be so weak that the surface wave radiation from active arrays can be ignored in contrast to the FSS case discussed in Chapter 4. However, they may be strong enough to produce jitter of the terminal impedance. Furthermore, one more component will complicate the situation, namely the groundplane that in our investigation is modeled in the form of a ﬁnite FSS surface. Potential surface waves on such a structure cannot be attenuated by simple resistive loading all the elements across the entire surface since such an approach would lead to excessive reﬂection loss as a groundplane. Thus, possible surface waves must in this case be controlled in the same manner as was done in Chapter 4, namely by resistively loading just a few columns in the edge areas. By monitoring the column currents as a function of the loading in the edge areas, we were able to obtain a signiﬁcant reduction of the surface waves in the ﬁnite FSS groundplane. By further loading the active element of each triad everywhere with load resistors RL equal to RA = 235 ohms as discussed already above, we were able to eliminate all visible jitter in all triads at least between nos. 10 and 40 in the frequency range 7–12 GHz (and most likely signiﬁcantly beyond 12 GHz). However, below 7 GHz we did indeed experience a signiﬁcant amount of jitter. We attributed this almost entirely to the ﬁnite FSS groundplane. Thus, we could avoid this problem by lowering the resonant frequency of the FSS groundplane. Or better yet, simply realize that when building an actual array, we would most likely use a ﬁnite solid groundplane rather than a ﬁnite FSS groundplane. Thus, there would be no surface wave attached to the ﬁnite groundplane per se. At any rate, if we can avoid jitter when using a “nervous” FSS groundplane, we should be able to handle quite a few options. Some deviations in scattering was observed from a few triads in the edge area. However, by adjusting the load resistors as well as the spacing to the groundplane, it was possible to reduce the scattering at the center frequency 10 GHz to zero while the scattering at the rest of the frequencies were sufﬁciently close to the triads in the rest of the array. Let us summarize: It is possible by careful design to obtain large arrays of dipoles with a groundplane that are virtually free from jitter over a signiﬁcant frequency range. And once demonstrated for dipoles, it is generally recognized that it should be possible for other types of phased arrays as well. The designs presented in this chapter have not been optimized for greater bandwidth essentially for two reasons: 1. We wanted primarily to demonstrate that jitter-free arrays simply exist. 2. Most practical arrays will be blended into an airframe or ship structure and should consequently be designed with this in mind. Super-broadbanded inﬁnite arrays will be discussed in Chapter 6.
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PROBLEMS



5.1 It has often been noted that the scattering from a ﬂat plate appears to emanate from the edges. This observation is certainly true when considering a perfectly conducting plate and to some extent a dielectric slab. However, reﬂecting ﬂat plates in general can be considerably more complicated than just that, and great care should be observed. Discuss how it is possible to design ﬂat ﬁnite reﬂectors that: • Scatter strongly from the edges and absorb everywhere else. • Absorb at the edges and reﬂect strongly everywhere else. • Absorb at the edges and everywhere else. So much for simplistic concepts. 5.2 Based on the curves given in Figs. 5.26 through 5.35, estimate the backscattered ﬁeld for the entire array for angle of incidence equal to −15◦ . 5.3 From Fig. 5.36, bottom, calculate the VSWR at f = 8, 9, 10, 11, and 12 GHz. Compare these values with the standing wave ratio shown in Fig. 5.36, top, for the ﬁeld reﬂected from the front of the array in the backscatter direction. Considering that only a single current mode is used, you will ﬁnd the agreement quite satisfactory.



6 Broadband Wire Arrays



6.1 INTRODUCTION



It was pointed out in Chapter 2 that arrays possess unique features from a radar cross section point of view. To reduce the RCS outside the operating band of an antenna in general, a bandpass radome is often placed in front of it (see Chapter 2, Fig. 2.1). In the case of an array we recall from Chapter 2 that a low RCS is obtained when the terminal reﬂection coefﬁcient is low; in other words, the bandwidth of the array should ideally exceed that of the radome. Furthermore, due to the high price tag of arrays in general, it is desirable to pass on as much information through them as possible. Thus, we shall in this chapter consider the principles for broadband arrays, which is of interest to the communication community. Quite often arrays are expected to be rather narrowbanded. This is usually rooted in the fact that a single dipole has a rather limited bandwidth (10–20% unless broadband-compensated; see Appendix B). However, when placed in an array the mutual coupling between the individual dipoles can as shown here be designed to increase the bandwidth substantially rather than reduce it (see also Appendix D). Furthermore, addition of a groundplane in the back and dielectric compensation slabs in the front can lead to designs where the bandwidth is approaching a decade rather than an octave. However, it should be emphasized that merely using a couple of dielectric slabs laying around in the shop will not do. Proper design is of utmost importance. It should also be pointed out at the beginning of this chapter that frequent use will be made of rather simple equivalent circuits. These are intended only Finite Antenna Arrays and FSS, by Ben A. Munk ISBN 0-471-27305-8 Copyright  2003 John Wiley & Sons, Inc.
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to explain the physics of the problem and guide us in our design effort. At no time do we rely on these to obtain actual calculated values. These are obtained rigorously by use of either the PMM (inﬁnite × inﬁnite array) or the SPLAT program (ﬁnite × inﬁnite array). Everybody can learn to run somebody else’s program. Only a minority is capable of making the correct interpretation. But a simple equivalent circuit certainly helps. 6.2



THE EQUIVALENT CIRCUIT



The key to the equivalent circuit for an array of dipoles backed by a groundplane and with one or more dielectric slabs in the front is obtained from Problem 5.2 in reference 92. For easy reference it has been reproduced in Fig. 6.1. The circuit is strictly speaking only valid for the E and H planes, and for no grating lobes. Furthermore, the elements must be short as stated in the original problem [92]. In the intercardinal planes some cross-polarization will occur as is in general the case with dipole arrays. However, that should not deter us from developing our designs guided by this equivalent circuit since we ultimately would use the PMM code for veriﬁcation of the concept for all scan planes. Furthermore, RA0 denotes the radiation resistance of the array when located in an inﬁnite free space and with no groundplane. Similarly, RA1 denotes the radiation resistance of the same array without a groundplane and located in an inﬁnite medium with intrinsic impedance Z1 .



Fig. 6.1 This problem is taken from reference 92 and constitutes the entire basis for this chapter about broadband wire arrays. The elements are assumed to be short in terms of wavelength.
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We see no reason to reveal the solution to Problem 5.2 (of reference 92) and thereby deprive the reader of a great opportunity to enlighten himself. 6.3 AN ARRAY WITH GROUNDPLANE AND NO DIELECTRIC



To start, let us consider an array of dipoles with a groundplane and no dielectric slabs in front. From Fig. 6.1 we readily obtain the equivalent circuit for this case as shown in the insert of Fig. 6.2. We shall point out various impedance



Fig. 6.2 Typical terminal impedance ZA = 2RA0 + jX A in the negative direction. The interelement spacing is varied from Dx /λ = 0.75 to 0.25. The groundplane impedance Z1+ is purely imaginary; that is, it is located on the rim of the Smith charts as shown.
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components. First, the impedance Z1+ denotes the input impedance of the equivalent transmission line looking in the positive direction from the array and terminated in a short (namely the groundplane). This impedance will always be purely imaginary; that is, it will be located on the rim of the Smith chart as also shown for various cases in Fig. 6.2 to be discussed later. Quite often it is suggested that this impedance ideally should be inﬁnite (see Common Misconceptions, Section 6.12). This will happen when the spacing between the elements and the groundplane is one-quarter wavelength (for broadside radiation). At a lower frequency fL , it becomes inductive and similarly it is capacitive at the higher frequency fH . Looking in the negative direction we observe an inﬁnite transmission line with characteristic impedance 2RA0 . Finally, the reactive part jX A of the antenna impedance ZA = 2RA0 + jX A in the negative direction is obtained only from the evanescent waves surrounding the elements on both the positive and negative sides of the array elements, see reference 93. Let us now examine the typical effect of the interelement spacing Dx as illustrated for three cases in Fig. 6.2. At the top we show a typical impedance ZA for Dx /λ ∼ 0.75. This is followed by cases for Dx /λ ∼ 0.50 and 0.25 as shown in the middle and the bottom, respectively. Note that 2RA0 is approximately inverse proportional to Dx /λ and also that more bandwidth is obtained for smaller interelement spacings. The latter observations are counterintuitive to many people since the mutual impedance certainly will increase with smaller interelement spacings. (Note that the real part of the impedance does indeed increase as Dx decreases while the imaginary part does not.) One physical explanation for this fact is that the imaginary part of the mutual impedances start canceling each other as we move away from the reference element, provided that the interelement spacings are small ( 
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