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     The topic of lens antennas was widely investigated during the early development of 
microwave antennas and was infl uenced by the extensive body of existing work from 
optics. Subsequently, interest declined somewhat as lens antennas were overtaken by 
refl ectors for high effi ciency, large aperture antennas; and by arrays for shaped - beam, 
multi - beam, and scanning antennas. Quite recently, as research interest has expanded 
into the use of millimeter wave and sub - millimeter wave frequency bands, lens antennas 
have again attracted developers ’  attention. 

 This chapter is organized as nine sections to introduce the basics of lens antennas. 
Section  1.1  gives an overview of lens antennas, including its advantages, disadvantages, 
and the materials encountered. This is followed by a discussion of antenna feeds at 
Section  1.2 . Then Section  1.3  introduces the fundamentals of the Luneburg lens (a 
topic to which Chapters  6  and  7  are dedicated). Section  1.4  introduces quasi - optics and 
Section  1.5  treats design rules. A discussion of metamaterials for lens antennas makes 
up Section  1.6  and then the planar lens array, which is a relative of the refl ect - array 
antenna, follows in Section  1.7 . Applications are proposed in Section  1.8  and measure-
ment techniques and anechoic chambers discussed in the fi nal section.  
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2 INTRODUCTION

   1.1    LENS ANTENNAS: AN OVERVIEW 

 The use of dielectric lenses in microwave applications seems to date back to the early 
days of experiments associated with the verifi cation of the optical properties of elec-
tromagnetic waves at 60   GHz  [1] . However, it was not until World War II that lenses 
gained interest as antenna elements. Even then they were not widely used because of 
their bulky size at rather low frequencies. 

 Nowadays there is a renewed interest in dielectric lenses, not least because of the 
rapidly growing number of applications for millimeter waves where lens physical 
dimensions have acceptable sizes. Besides, very low loss dielectric materials are avail-
able, and present - day numerically controlled machines enable low - cost fabrication of 
quite sophisticated lenses made with very good tolerances. 

 In one of the earliest dielectric lens antenna applications, a homogeneous lens was 
designed to produce a wide - angle scanning lobe  [2] . Also, homogeneous lenses have 
been used as phase front correctors for horns. The lens is often mounted as a cap on a 
hollow metallic horn  [3] . In this confi guration the lens surfaces on both sides can be 
used to design for two simultaneous conditions. In addition, lenses may be designed to 
further control the taper of the fi eld distribution at the lens aperture  [4]  or to shape the 
amplitude of the output beam in special applications  [5] . 

 The aperture of a solid dielectric horn can be shaped into a lens to modify or 
improve some radiation characteristics  [6] . For instance, the aperture effi ciency of a 
solid dielectric horn may be improved by correcting the aperture phase error. Alterna-
tively we may use a lens to shape the amplitude of the output beam or to improve the 
cross - polarization performance, but because there is only the one lens surface to be 
varied, only one of these design targets might be made optimum. 

   1.1.1    The Microwave Lens 

 In optics, a lens refracts light while a mirror refl ects light. Concave mirrors cause light 
to refl ect and create a focal point. In contrast, lenses work the opposite way: convex 
lenses focus the light by refraction. When light hits a convex lens, this results in focus-
ing since the light is all refracted toward a line running through the center of the lens 
(i.e., the optical axis). Save for this difference, convex lens antennas work in an analo-
gous fashion to concave refl ector antennas. All rays between wavefronts (or phase 
fronts) have equal optical path lengths when traveling through a lens. Fresnel ’ s equa-
tions, which are based on Snell ’ s law with some additional polarization effects, can be 
applied to the lens surfaces. 

 In general, lenses collimate incident divergent energy to prevent it from spreading 
in undesired directions. On the other hand, lenses collimate a spherical or cylindrical 
wavefront produced respectively by a point or line source feed into an outgoing planar 
or linear wavefront. In practice, however, complex feeds or a multiplicity of feeds can 
be accommodated since performance does not deteriorate too rapidly with small off -
 axis feed displacement. 
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 There are two main design concepts used to reach different goals.

   1.     Conventional (e.g., hyperbolical, bi - hyperbolical, elliptical, hemispherical) or 
shaped lens antennas are used simply for collimating the energy radiated from 
a feed.  

  2.     In the case of shaped designs, more complex surfaces are chosen for shaping 
the beam to produce a required radiation pattern, or for cylindrical and spherical 
lenses for beam scanning with either single or multiple feeds.    

 Lenses can also be placed into one or other of the categories of slow wave and fast 
wave lenses (Fig.  1.1 ). The terms relate to the phase velocity in the lens medium. The 
slow - wave lens type is illustrated in Figure  1.1 a. Here, the electrical path length is 
increased by the medium of the lens, hence the wave is retarded.   

 The most common type is the dielectric lens but another example is the  H  - plane 
metal - plate lens (Fig.  1.2 ). (The  H -  plane is that containing the magnetic fi eld vector 

     Figure 1.1.     Comparison of (a) slow - wave or dielectric lens and (b)  E  - plane metal - plate (fast -

 wave) lens types. Wave fronts are delayed by (a) but advanced by (b).  
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     Figure 1.2.      H  - plane metal plate lens antenna.  
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4 INTRODUCTION

and the also the direction of maximum radiation, or main lobe boresight. The magnetiz-
ing fi eld or  H  - plane lies at a right angle to the electric or  E  - plane.)   

 Figure  1.1 b shows the fast - wave lens type where the electrical path length is effec-
tively made shorter by the lens medium, so the wave is advanced.  E -  plane metal - plate 
lenses are of the fast - wave type. (The  E -  plane is that containing the electric fi eld vector 
and also the direction of maximum radiation. The  E  - plane and  H  - plane are orthogonal 
to each other and determine the polarization sense of a radio wave.) 

 In terms of materials, dielectric lenses may be divided into two distinct types:

   1.     Lenses made of conventional dielectrics, such as Lucite  ®   or polystyrene.  

  2.     Lenses made of artifi cial dielectrics such as those loaded by ceramic or metallic 
particles.    

 Lens antennas tend to be directive rather than omnidirectional i.e. they usually exhibit 
a single, distinct radiation lobe in one direction. In this case, they might be thought of 
as  “ end - fi re ”  radiators. With this in mind, a dielectric rod, as shown in Figure  1.3 , is a 
good example. Because the rod is usually made from polystyrene, it is called a  polyrod . 
A polyrod acts as a kind of imperfect or leaky waveguide for electromagnetic waves. 
As energy leaks from the surface of the rod it is manifested as radiation. This tendency 
to radiate is deliberate, and the rod ’ s dimensions and shape are tailored to control the 
radiation properties which are discussed in proper detail in Chapter  3 .   

 In contrast to polyrod antennas, most lens dimensions are much larger than the 
wavelength, and design is based on the  quasi optic s ( QO ) computations. Snell ’ s refrac-
tion law and a path length condition (or eventually an energy conservation condition) 
are then used to defi ne the lens surface in the limit as the wavelength tends to zero. 
Depending on the lens shape, diffraction effects may give rise to discrepancies in the 
fi nal pattern. While these comments really concern axis - symmetric lenses, on the other 
hand, literature on arbitrary shaped dielectric lenses and three - dimensional amplitude 
shaping dielectric lens is also available  [5] .  

   1.1.2    Advantages of Lens Antennas 

 Lenses are an effective antenna solution where beam shaping, sidelobe suppression, 
and beam agility (or steering in space) can be achieved simultaneously from a compact 

     Figure 1.3.     A form of basic lens antenna: the polyrod.  
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assembly. Dielectric lenses may also bring about these system advantages economically 
because they can be manufactured through molding or automated machining in reason-
ably high quantities, and these processes offer suitable tolerances. Lenses are used to 
convert spherical phase fronts into planar phase fronts across an aperture to enhance 
its directivity much like parabolic refl ectors. For this purpose lenses present an advan-
tage over refl ectors in that the feed is located behind the lens, thus eliminating aperture 
blockage by the feed and supporting struts, with no need for offset solutions. This ability 
to illuminate the secondary aperture (lens vs. refl ector) in a highly symmetric fashion 
but without aperture blockage leads to the benefi t that lens antennas can have low 
distortions and cross - polarization. 

 Microwave lenses are of course not without disadvantages and among these are 
dielectric losses and refl ection mismatch. A mitigation against loss of course is to use 
low loss materials, such as Tefl on, polyethylene, and quartz, where material loss can 
be reduced to quite negligible levels. Solutions for refl ection mismatch include the use 
a quarter wavelength  anti refl ection  ( AR ) layer, or  “ coating ”  if such a layer can be said 
to be thin. To follow up here with some examples, alumina - loaded epoxy has been used 
with good results as an anti - refl ection coating for silicon lenses  [7] . However, the epoxy 
material suffers from large absorption loss above 1   THz  [8] . Englert et al.  [9]  has suc-
cessfully coated both sides of a silicon window with 20    μ m of  low - density polyethylene  
( LDPE ,  n   ∼  1.52) to achieve anti - refl ection (AR) performance at  λ     =    118    μ m. Other 
common plastics such as  Mylar  and  Kapton  are potential candidates because their 
refractive indices are close to the required value of ( n silicon  ) 0.5   ∼  1.85  [10] ; however, such 
materials may be diffi cult to apply to a small silicon lens. Thin fi lms of parylene can 
be used as an AR layer for silicon optics and show low - loss behavior well above 1   THz 
 [10] . In contrast, at lower frequencies, for example, 10 to 60   GHz, air grooves may be 
machined into a lens surface to yield an effective air - dielectric composite layer of 
intermediate index — such a fabrication technique is encountered in commercially avail-
able lens antennas. This is also said to reduce gain variation with frequency.  

   1.1.3    Materials for Lenses 

 Real - life antennas make use of real conductors and dielectrics. It is thus useful to recall 
some of their characteristics. A conductor is defi ned as a material with a large number 
of free detachable electrons or a material having high conductivity. Typical conductors 
used in antennas are 

   •      Silver (conductivity    =    6.14    ×    10 7 /ohm/m)  

   •      Copper (conductivity    =    5.8    ×    10 7 /ohm/m)  

   •      Aluminum (conductivity    =    3.54    ×    10 7 /ohm/m)    

 A dielectric is essentially an insulator: a material with few free detachable electrons or 
with a low value of conductivity. In many cases conductivity for a good conductor may 
be taken as infi nity and for a good dielectric as zero. 

 To produce lens antennas, it is necessary to select a material which is mechanically 
and electromagnetically stable. A typical choice of material could be based on a relative 
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permittivity ranging from about 1.2 to 13 — indeed these materials are either in use 
today or are expected to be used for millimeter wave antenna systems. Because of time 
and space considerations, not all materials available today will be compared here, but 
it is felt that these examples are representative and other common substrate materials 
have properties roughly within the range of those considered here. 

 The dielectric loss factor is also known as the dissipation factor. It is defi ned from 
the tangent of the loss angle ( tan      δ   ), and is hence also called the loss tangent. Put 
another way, the loss angle is that whose tangent is derived from the ratio of the imagi-
nary to the real part of the dielectric permittivity: Im ( ε )/Re ( ε ). 

 Thus we are quantifying the ratio of the resistive (also lossy, and imaginary) and 
the reactive (also lossless, and real) components of the dielectric constant. For low loss 
materials the former term should be very small. The dielectric constant (  ε  ) and loss 
tangent ( tan      δ   ) can be diffi cult to measure accurately at microwave frequencies. Often, 
techniques are used which look at the properties of resonators and might compare their 
behavior with and without the insertion of a sample of dielectric material. Vector network 
analyzer would typically be used. Some typical values are identifi ed in Table  1.1 .    

   1.1.4    Synthesis 

 Synthesis of lenses has received plenty of attention, though perhaps less so than refl ec-
tor antennas or other types. Spherical lenses (Fig.  1.4 ) present a good example of how 
synthesis and optimization can be applied. The topic will be covered in more detail in 
Chapters  6  and  7 , but for present section it is worth pointing out that the ideal spherical 
lens confi guration — the Luneburg lens — is exceedingly diffi cult to construct according 
to the strict formulation. When approximations are applied, by using discrete dielectric 
layers for example, compromises must be sought. These trade the antenna effi ciency 
against the number of layers and hence diffi culty of construction  [12] . Modern comput-
ers assist greatly with the study of these effects. Computer optimization routines are 
widely applied in electromagnetics and microwave engineering. Different niche 
approaches have advantages and disadvantages depending on their precise area of 
application. In Reference  12  genetic algorithms were reported to have had powerful 
effect in optimizing the desired lens gain and sidelobe suppression, where the optimizer 
variables were the dielectric constant and radial width of each lens layer.   

 Komljenovic et al.  [13]  pointed out that of the many global optimization techniques 
available, those used most extensively so far in electromagnetics have been relatively 
few. These have been:

    •      genetic algorithms,  

   •      particle swarm optimization.  

   •      the multidimensional conjugate gradient method.    

 The  genetic algorithm  ( GA ), as a class of optimization kernel, has been applied widely 
and with success to many problems  [14]  in addition to the spherical lens we have 
already briefl y mentioned. The GA approach is also know of as evolutionary computa-
tion, or is sometimes synonymous with the general class of evolutionary algorithms 
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8 INTRODUCTION

inspired by biological processes. In this context, we encounter such mechanisms as 
selection, mutation and inheritance, and the health of populations and so on. 

 A more recent technique, also under the  “ evolutionary algorithm ”  banner, is called 
 “ particle swarm ”  optimization  [15] . This is based on models for the intelligence and 
movement of individuals in swarms and has been applied successfully to problems in 
electromagnetics. At fi rst, relatively small numbers of individual states, perhaps fewer 
than 30, were considered adequate to model swarms. More recently though, and for 
more exhaustive optimization, larger numbers than this have been recommended, for 
example, in Reference  13 , where the technique was applied to cylindrical lenses. 
Unsurprisingly, the computational load should be expected to increase as optimization 
techniques become ever more complex. Fortunately, computer performance is ever 
advancing. 

 On a fi nal note for this section, a multidimensional conjugate gradient method has 
also been used for the successful optimization of some quite complicated shaped 
lens designs which have also had arbitrary geometries  [16] . Again, the technique is 
iterative.   

   1.2    FEEDS FOR LENS ANTENNAS 

 The feeding methods of lens antennas can be any other type of antenna: horns, dipoles, 
microstrip (e.g., patch), and even arrays of antenna elements. 

 In practice horns (or just open ended waveguides) and patches are most commonly 
used, or, in some cases, arrays of such elements. 

   1.2.1    Microstrip Feeds 

 The most often cited advantages of microstrip (or  “ patch ” ) antennas include their 
low mass, ease and low cost of fabrication, robustness, and ease of integration with 
other microwave printed circuits and connections. They are typically also low profi le, 

     Figure 1.4.     An example of a spherical stepped - index lens.  
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occupying either just the thickness of the printed circuit, or the laminate plus a low 
dielectric constant spacing layer, which might just be air. The latter approach tends to 
increase the bandwidth of what is otherwise a narrow - band radiator  [17] . 

 As a primary feed for a lens antenna, the properties of patch antennas are useful 
in some cases but not in others. For example, where a patch antenna is used to illuminate 
a hemispherical lens - refl ector, which is a type of reduced height scanning antenna, the 
low profi le of the patch can help to avoid the headroom encroachment that would be 
caused by a waveguide or horn type feed. However, disadvantages of the patch include 
ohmic loss in both the metallization layer and the substrate, which can increase dramati-
cally with frequency. 

 Many single - patch geometries can be used, for example, rectangular, circular, bow -
 tie, planar - conical, and so on. Where these can be combined in array confi gurations 
there is more scope to select or optimize the pattern which illuminates the so - called 
secondary aperture (the lens). 

 In Chapter  4  we will show some design examples of types of lens integrated 
directly onto patch antenna substrates.  

   1.2.2    Horn Feeds 

 In contrast to the narrow - band and low - effi ciency printed circuit antenna discussed 
above, the waveguide or horn type tends to be both much more wide - band and more 
effi cient. These advantages tend to accrue at the cost of physical volume, mass, and to 
some extent fabrication expense compared to patches at least. Considering that dielec-
tric lenses (i.e., not zoned for reduced thickness) are very wide band in operation it can 
make sense to use them with a similarly wide - band primary feed. The horn ’ s bandwidth 
is, to a fi rst order at least, determined by that of the feeding waveguide and this will 
exhibit a cut - off behavior at the lower threshold and higher order mode propagation at 
a higher threshold. Used as a primary feed for a lens, the horn is carrying out a very 
similar function as when used with a refl ector, but with the lens the horn will not intro-
duce aperture blockage. In Chapter  5  we will present a low sidelobe lens antenna where 
this property is exploited. 

 Due to the lower propagation velocity, phase errors at the plane aperture of a solid 
dielectric horn are higher than for a conventional metallic horn of comparable size, thus 
placing a lower limit to the maximum achievable gain. Following a standard approach 
for high - performance metallic horns, where a dielectric lens is positioned at the horn 
aperture in order to correct the phase error, the dielectric horn aperture may be shaped 
into a lens  [18] . 

 Here, a practical engineering tip is that the feed should provide an illumination of 
the antenna edge at the level of  − 10   dB with respect to the central point. Then, the 
antenna performance in terms of directive gain is optimal. This empirical rule is 
approximately valid for any QO system, although for systems carrying out extensive 
manipulations of Gaussian beams a more conservative rule of  − 20   dB to  − 35   dB is 
common  [19] . 

 There are other applications where the design is not necessarily to maximize 
antenna gain, but rather to shape the beam. Again, a lens may be used to modify the 
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basic horn radiation pattern. A particular design goal is discussed in detail in Chapter 
 5  where the case study is for a low sidelobe elliptic beam antenna for mm - wave 
communications. 

 Intrinsic to the dielectric horn - lens geometry, there is only one refracting surface 
and so amplitude shaping and phase correction conditions can not be imposed simul-
taneously. The situation is different for metallic horns where correction lenses have two 
refracting surfaces, one on the horn side and the other on the output (free space) side, 
enabling two independent conditions to be met. In this case, however, rather than 
designing the second refracting surface for an amplitude condition it is often better to 
set the input surface as planar and to design the output surface according to the path 
length condition, since an appropriate choice of permittivity leads to convenient fi eld 
distribution on the aperture  [18] . 

 Another design approach can be to employ moderate loss materials to reduce the 
fi eld amplitude toward the lens axis where its depth increases, thus reducing the fi eld 
taper across the aperture without interfering with the other lens surface  [20]  at the 
expense of gain. 

 Horn - lenses are just one possible application of dielectric lenses. Most commonly 
used are axis - symmetric lenses, designed as collimating devices possibly with more 
than one focal point for scanning and multibeam applications. In the simplest designs 
for single focus lenses one of the two lens surfaces is arbitrarily fi xed to some preferred 
shape while phase correction condition defi nes the other surface. For scanning and 
multibeam applications the second surface is used to introduce a further condition to 
minimize aberrations originated by off - axis displacements of the feed position. 

 The main shortcoming of horns lies in their bulkiness that can make integration 
challenging. A less bulky alternative would be an open ended waveguide, but this would 
reduce optimization opportunities and in any case open ended waveguides could be 
found to be too cumbersome for integration in many cases. 

 Somewhat less work has been reported on dielectric lens designs incorporating 
amplitude shaping conditions. Here, the motivation is to produce a controlled fi eld 
distribution over the lens aperture  [21] . Routines to calculate two surface lenses for 
simultaneous phase and amplitude shaping are given in Reference  22 . Another motiva-
tion is to shape the output beam into an hemispherical or a secant squared ( sec  2 ) pattern 
for constant fl ux applications. A renewed interest in these type of patterns comes from 
emerging millimeter wave mobile broadband cellular systems and wireless local area 
network applications where non - symmetric lenses may be required  [23] . 

 Lens design, based on quasi optics, is addressed either for aperture phase error 
correction or for output beam shaping. For phase correction the formulation is restricted 
to circular - symmetric geometries, but methods can be adapted to suit pyramidal dielec-
tric horns as well.   

   1.3    LUNEBURG AND SPHERICAL LENSES 

 Spherical lenses will be covered in much more detail in Chapters  6  and  7 , along with 
some accounts of practical developments and applications pursued by the authors in 
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the course of several research programs. For the current chapter, a short introduction 
is offered. 

 Unlike a paraboloid refl ector, or a conventional focusing lens of one of the types 
introduced in the above paragraphs, a spherical lens does not exhibit a point focus. 
Rather, its symmetry gives rise to a focal region defi ned by a spherical surface which 
is concentric with the lens. Put another way, a feed may be placed at any position around 
the edge of the lens (or, in special cases, within the interior of the lens). A straightfor-
ward corollary of this symmetry is the ability to use several feeds, each giving rise to 
a separate beam which shares the lens aperture. Thus, a multi - beam antenna is readily 
offered. Similarly, a feed (or several feeds) mechanically scanned with respect to a 
spherical lens gives rise to a scanning antenna with very wide scan angle properties, 
and without scanning loss. A switched beam antenna may similarly be produced. 

 Where a spherical lens is constructed from a single, homogeneous dielectric mate-
rial (a polymer e.g., Fig.  1.5 ) we have a  “ constant index lens. ”  A disadvantage is that 
its collimating properties tend to be mediocre, particularly as electrical size increases. 
In an alternative approach, proposed by R. K. Luneburg in 1943  [24]  the sphere is made 
of materials with non - constant refractive index, that is, where relative dielectric con-
stant   ε   r  varies with the square of radius:

   εr r/R= −2 2( )     

 where  r  is radius from the center point and  R  is outer radius of lens. This formulation 
gives rise to foci lying on the outer surface at  r      =      R . Furthermore, the focus is at a 
single point in a manner analogous to any properly collimating device (dish, lens etc) —
 all of the aperture contributes and, given a suitable illumination, the aperture effi ciency 
can be unity at least in theory. This property is irrespective of diameter, quite unlike a 
constant index lens where the effi ciency will be less than unity and also decreases with 
increasing diameter. 

 Figure  1.5  illustrates the approximate ray paths for the Luneburg lens case and 
hence shows curved paths within the dielectric. Luneburg did not have the opportu-
nity to implement such an antenna, as no suitable materials or manufacturing proce-
dures were available at that time. Today, practical  “ Luneburg ”  lenses are made from 
sets of concentric dielectric layers, and as such are really approximations to the ideal 
case  [25] . 

     Figure 1.5.     Ray paths in a Luneburg lens  [24, 25] .  
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 A hemispherical lens antenna is also commonly used in conjunction with a refl ec-
tive ground plane, the latter gives rise to an image of the hemisphere and so recovers 
the full aperture that would be presented by a sphere (Fig.  1.6 ). This arrangement offers 
mass and space reductions, and can be easier to mechanically stabilize. This might also 
be called a  “ lens - refl ector ”  since the fl at planar refl ector is an integral part of the antenna 
aperture and contributes to its collimating properties. Of course, the extension of the 
refl ector must be adequate to produce the required image of the hemisphere, and the 
necessary dimension is also a function of elevation angle (the feed angle with respect 
to the refl ector plane). An inadequate refl ector extension will introduce a reduction in 
effective aperture which amounts to a scanning loss. The topic is covered quite thor-
oughly in Chapter  7  where recent advances in practical antennas of this type are 
reported.   

 This confi guration also offers a relatively low - profi le solution, and this property 
makes the hemisphere antenna particularly attractive as a scanning antenna for applica-
tions where headroom is limited. The layout is illustrated in Figure  1.7 , where it can 
be seen that the effective aperture height of the hemisphere with refl ecting plane can 
be up to twice that of a conventional refl ector antenna  [25] . Again, recent practical 
developments are discussed in Chapter  7 .   

 A variant of the spherical Luneburg lens is cylindrical and where the variation in 
dielectric constant occurs in just two dimensions rather than three. The  “ cylindrical 
Luneburg ”  lens is therefore somewhat less problematic to manufacture than its spherical 
parent, but it does offer beam collimation in just one axis, leading to a fan shaped beam 
rather than a pencil beam. Various approaches to realizing the required variation in 
dielectric constant, using a juxtaposition of two different materials, are presented in 

     Figure 1.6.     Hemisphere lens antenna.  
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Reference  26 , along with experimental results. One such geometry is quite elegant 
because one of the materials is air and the other takes the form of a pair of machined 
polymer discs as illustrated in cross section in Figure  1.8 .   

 In the 1970s, dielectric lenses were developed in Russia by several organizations 
 [27] ; these were mainly used in defense applications. Later, in the 1990s – 2000s the 
Konkur company of Moscow were promoting Luneburg lenses of their own manufac-
ture, although at the time of publication little evidence has been found to indicate 
that they are still active. Today the Luneburg lens is an attractive candidate antenna 
for multibeam wideband millimeter wavelength indoor and outdoor communication 
systems and for airborne surveillance radar applications. Manufacturers that appear to 
be still active are  “ Luntec ”  of France, and Rozendal Associates of Santee, California. 
Also, during the 2000s, Sumitomo Electric Industries of Japan were manufacturing 
lenses for multi - beam satellite TV, primarily in the receive only domestic market in 
Japan. (At the time of writing it is not known to the authors whether this continues 
although some anecdotal evidence suggests not. The brand  “ LuneQ ”  is still encountered 
in this context.)  

     Figure 1.7.     Comparison of (a) hemisphere plus plane refl ector (b) conventional refl ector 
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primary
feed

limit of headroom

effective height of lens

height of dish

lens

image

(a) (b)

     Figure 1.8.     Cylindrical Luneburg lens formed from two dielectric discs  [26] .  
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   1.4    QUASI OPTICS AND LENS ANTENNAS 

 Originally, quasi - optics (QO) applications of classical homogeneous lens designs 
remained restricted to aperture phase correction in millimeter wave horn feeds. At the 
same time, inhomogeneous lenses that were only theoretical curiosities at traditional 
optical wavelengths were realized in the microwave range and still attract much atten-
tion. These include the Luneburg lens, the Maxwell  “ fi sh - eye ”  lens (Fig.  1.9 ), and 
others. The spherical or cylindrical Luneburg lens (as we have seen) has a dielectric 
constant varying smoothly from 2 at its center to 1 at its outer boundary, which is the 
focal surface in the  geometric optic s ( GO ) approximation. While lens dimensions are 
larger than microwave wavelengths, spheres with a dielectric constant varying smoothly 
on the scale of the wavelength are almost impossible to fabricate. Therefore various 
sorts of Luneburg lenses which employ discrete dielectric layers have been devised. 
The oldest types consisted of a fi nite number of spherical or cylindrical layers each 
with constant permittivity.   

 Quasi optics can be considered to be a specifi c branch of microwave science and 
engineering  [28 – 30] . The term  “ quasi optics ”  is used to characterize methods and tools 
devised for handling, both in theory and in practice, electromagnetic waves propagating 
in the form of directive beams, width  w  is greater than the wavelength  λ , but which is 
smaller than the cross - section size,  D , of the limiting apertures and guiding structures: 
 λ     <     w     <     D . 

 Normally we have  D     <    100 λ , and devices as small as  D     =    3 λ  can be analyzed with 
some success using QO. Therefore QO phenomena and devices cannot be characterized 
with geometrical optics (GO) that requires  D     >    1000 λ , and both diffraction and ray - like 
optical phenomena must be taken into account. It is also clear that, as Maxwell ’ s equa-
tions (although not material equations) are scalable in terms of the ratio  D / λ , the range 
of parameters satisfying the above defi nition sweeps across all the ranges of the 
electromagnetic spectrum, from radio waves to visible light (Fig.  1.10 ) and beyond. 

     Figure 1.9.     Maxwell ’ s fi sh - eye lens, with dark color representing increasing refractive index.  
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Therefore QO effects, principles and devices can be encountered in any of these ranges, 
from skyscraper - high deep - space communication refl ectors to micron - size lasers with 
oxide windows.   

 As a universal QO device, the dielectric lens was fi rst borrowed from optics by O. 
Lodge for his experiments at a wavelength of 1 meter in 1889  [31] , then used in micro-
wave and millimeter wave systems in the 1950 – 1980s, and is today experiencing a third 
generation in terahertz receivers. Moreover, as the above relation among the device 
size, beam size, and wavelength is common in today ’ s optoelectronics, it is clear that 
QO principles potentially may have a great impact on this fi eld of science as well. 
Nevertheless, in the narrow sense, the term QO still relates well to the devices and 
systems working with millimeter and sub - millimeter waves. E. Karplus apparently 
coined the term quasi optics in 1931  [32] , and then it was forgotten for exactly 30 years 
before being used again  [33] . A parallel term  microwave optics  was used in several 
remarkable books and review articles of the 1950 – 1960s  [34] . 

 If compared with the classical optics of light, millimeter wave and sub -  millimeter 
wave QO have several features. First, electromagnetic waves display their coherence 
and defi nite polarization state. Also they display much greater divergence and diffrac-
tion, while direct measurements of their amplitude and phase are relatively easy. 

 We then give a QO example to shape the horn aperture into a lens. Consider the 
geometry of Figure  1.11 , which represents an axis - symmetric homogeneous solid 
dielectric horn with shaped aperture. Starting from the spherical wave front inside the 
dielectric horn, we defi ne associated rays originating at point  Q  and refracting at surface 
 r( θ )  according to Snell ’ s laws.   

     Figure 1.10.     A diagram showing the place of quasioptical (QO) techniques with respect to 

geometrical optic (GO) and quasistatic techniques, in the plane of the two parameters - device 

size and wavelength.  
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 The optical path along the rays from the origin O to plane  z     =     F      =      L 1     +    L 2   must be 
constant for all elevation angles   θ   and azimuth angles  φ  (Figs.  1.11  and  1.12 )

    r F r F( ) ( )cosθ β θ θ β+ − =     (1.1)  

  Where  r  is the radius of the horn which is subject to the value of   θ ,  and   β   is the nor-
malized longitudinal propagation constant.   

 Equation  (1.1)  is written as if   β   were constant with  z . Actually   β   changes with z 
but only from lens shape, in a region where the horn cross section dimensions are 
expected to be much larger than  λ  where   β   is almost constant and approaches  ε  0.5 . Under 
this assumption, rearranging (Eq.  1.1 ) we obtain

     Figure 1.11.     Geometry of axis - symmetric solid dielectric horn with shaped aperture for phase 

correction.  
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    r
F

( )
( )

cos
θ ε

ε θ
= −

−
1     (1.2)   

 It ’ s helpful to then express  F  in terms of the horn semi - fl are angle   θ   1  and the aperture 
radius   ρ  :

    F = −
−











ρ
θ

ε θ
εsin

cos

1

1

1
    (1.3)   

 Figure  1.13  shows the lens depth and lens - horn depth to aperture diameter ratio  L 2  / 2 ρ  1   
and  F/2 ρ  1   versus horn semifl are angle   θ   1 . For the same fl are angle  L 2  / 2 ρ  1   and  F/2 ρ  1   are 
larger for smaller values of  ε . The ratio  L 2  / 2 ρ  1   grows faster with  θ . The ratio  F/2 ρ  1   
becomes more favorable as  θ  1  increases, but there is an upper limit for this angle for 
two reasons:   

 Firstly,  θ  1  must not exceed the value that allows the propagation of higher - order 
modes in the dielectric horn. 

 Secondly, the lens depth should not exceed the ellipse major semiaxis, that is

    θ
ε

1
1

m arc≤ 





cos     (1.4)   

 For polystyrene material ( ε     =    2.5) we obtain  θ     =    51 degrees, far beyond the single mode 
operation condition. 

 The analysis and design of QO components could either lose accuracy in the 
range of the characteristic QO relationship between the wavelength and the size of the 
scatterer, or lead to high numerical complexity of the algorithms and hence prohibi-
tively large computation times. Therefore, one would look in vain for the frequency 

     Figure 1.13.     Lens depth and lens - horn depth to aperture ratio versus horn semi - fare angle 
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dependence of the gain of a refl ector or lens antenna of realistic size computed with 
the method of moments or  Finite - difference time - domain method  ( FDTD ). 

 Exciting opportunities for the design of revolutionary new QO components and 
instruments are offered by emergent technological innovations, such as electromagnetic 
bandgap materials and meta - materials (also known as twice - negative and left - handed 
materials). For example, a QO prism made of bandgap material may display frequency 
and angular dependence of the incident beam defl ection one hundred times stronger 
than that of a similar homogeneous prism  [35] . Exotic designs of new QO lens antennas 
and beam waveguides made of meta - materials can be based on interesting effects 
including negative refraction  [36] . Therefore the future of quasi optics is perfectly 
secure as long as electromagnetic waves are still used by the information society.  

   1.5    LENS ANTENNA DESIGN 

 The usual starting point for lens antenna design is to apply geometric optics. Here, a 
ray tracing approach is used, where the radiation is modeled as rays which radiate from 
an common origin, or source. Incidentally, this origin would be quite analogous to the 
antenna phase center. Of course, the validity of this simple approach is questionable 
because the lens typically lies within the near fi eld region of the source or primary feed. 
GO is nevertheless though usually thought a valid starting point, particularly for pre-
dicting the properties of the main lobe wherein most of the radiation is contained. A 
quite surprisingly good agreement will be observed with measurement results in this 
main lobe regime. The sidelobes region, contrastingly, is not likely to be described with 
much accuracy. 

 Next, it is also simplest to design for lens cross sections which are circular (though 
they need not be). It then follows that the primary feed radiation pattern is circularly 
symmetric, though, again, it need not be. These starting assumptions removed depen-
dence upon angle  ϕ , the angle of rotation about the antenna axis of symmetry or 
boresight. 

 In principle though, the lens surface may be designed to accommodate asymmetries 
in the primary feed pattern, or  ϕ  angle dependency. These might be corrections for 
amplitude and also phase. In a more extreme case, a highly elliptical primary pattern 
(very different beamwidths in orthogonal planes, such as  E  - plane and  H  - plane) would 
require a lens cross section with similar ellipticity, although this seems a rare design 
objective and we present no examples. On the other hand, an antenna with a highly 
symmetric feed pattern but asymmetric secondary pattern is described in Chapter  5 . 
This has a circular cross section, but still a  ϕ  dependency of the lens profi le. 

 Returning to GO, its fi rst principle is that the rays trace the fl ow of power between 
points. It follows from this that the aggregate fl ow of power through a closed surface 
comprises a bundle of such rays. Through such a bundle, or tube, power fl ow is constant 
across any cross section. The second pillar of GO is Fermat ’ s principle which states 
that a ray ’ s path is that which is of shortest length (or time) between any two given 
points. This underpins the optics of mirrors, refl ection and refraction, and from which 
Snell ’ s law may be derived. 
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 A generalized design procedure for lenses can be listed as the following steps.

   (i)     Clarify the design objective for beamwidth and gain — this sets the required 
electrical dimensions.  

  (ii)     Choose the operation frequency and bandwidth — the former sets physical 
dimensions.  

  (iii)     Choose a suitable material (see Section  1.1.3 )  

  (iv)     Estimate the loss in the material. From this, dimensions may need to adjusted 
to realize the required gain.  

  (v)     Determine the primary feed type, or other method of illumination.  

  (vi)     Iterations as often as needed for fi ne - tuning the antenna performance.    

 For a lens which is properly designed, and acts as a collimating aperture, the directiv-
ity is determined by the aperture area. The gain will be lower than directivity by the 
sum of the various loss terms, including conductor loss, dielectric loss, and feed spill-
over loss (that proportion of the feed ’ s radiated power which is not incident upon the 
lens surface). On aperture area, a simple rule of thumb is that doubling the aperture 
diameter will increase the gain by 6   dB, since the area of the aperture quadruples. For 
instance, an 12   cm lens fed by a 6   cm horn would add 6   dB to the gain of the horn, and 
a 24   cm lens would add 12   dB. Modest gain improvements take modest sizes, but 
beyond this big gain increases lead to physically large antennas and so for lenses 
working at the lower microwave frequencies the mass could become prohibitive. Of 
course, a 6   dB increase in gain will double the range of a communications system over 
a line - of - sight path. 

 Feed horn dimensions may be designed for the intended application, but in some 
cases it may be more practicable to use a commercial item. 

 If we start with a given primary feed, the beamwidth of the horn (usually smaller 
than the physical fl are angle of the horn) will strongly infl uence the focal length of the 
lens. Looked at from the other point of view, if the focal length of the lens is the start-
ing point, this determines the necessary feed properties. Clearly, longer focal lengths 
place the feed at a greater distance and so need a narrower beamwidth horn. 

 Approximations for the 3   dB beamwidths (respectively   θ  3dB E  and   θ  3dB H  for the  E  -
 plane and  H  - plane) often encountered in antenna theory are:

   θ
λ

3
57

dB
E

E
L

≈ degrees  

   θ
λ

3
68

dB
H

H
L

≈ degrees  

  where L E λ   is the aperture dimension in wavelengths along the  E  - plane direction, and 
L H λ   is the aperture dimension in wavelengths along the  H  - plane direction. These rela-
tions refl ect the well known inverse law between beamwidth dimension. Often, different 
numbers are used in the numerator on the right hand side, depending on assumptions 
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about the illumination edge taper. A stronger taper, or roll - off at the aperture limit, 
produces a wider beam. The above fi gures are typical for a pyramid type horn, and the 
wider  H  - plane beamwidth refl ects the tendency for fi eld distribution of the waveguide 
TE 10  mode to decay along this direction. 

 Considering the shape of the lens, this depends on the refractive index  n  (the ratio 
of the phase velocity of propagation of a radio wave in a vacuum to that in the lens). 
A slow - wave lens antenna, as in optics, is one for which  n     >    1. A fast - wave lens antenna 
is one for which  n     <    1 but this does not have an optical analogy, at least for classical 
materials. Considering the Luneburg lens once again as an example, each point on its 
surface is the focal point for parallel radiation incident on the opposite side. Ideally, 
the dielectric constant  ε  r  of the material composing the lens falls from 2 at its center to 
1 at its surface (or equivalently, the refractive index  n  falls from   2  to 1, according to

   n
r
R

r= = − 



ε 2

2

  

 where  R  is the radius of the lens. It should be added here that because the refractive 
index at the surface is (in theory at least) the same as that of the surrounding medium, 
no refl ection occurs at the surface. In practice of course there must be a transition at a 
boundary between a real material with  n     >    1 and air with  n     =    1, but the closer to unity 
that the outer index can be made, the lower the refl ection loss. In any case, the effect 
is sometimes over - estimated in spherical microwave lenses and the topic is taken up 
again in Chapter  6 . 

 Returning to lens design in general we next calculate the lens curvature. In one 
approach the equation for lens curvature can be derived where there is just one refract-
ing surface. The other surface is planar, and since rays enter it at normal incidence is 
does not produce refraction (Fig.  1.14 ). As noted above, we are now assuming rotational 
symmetry: there is no  ϕ  dependence and the problem reduces to two dimensions. The 
surface is most easily understood by equating all possible path lengths, including that 
along the central axis. In Figure  1.14 , an arbitrary path has length  r  in air and  l  in the 
dielectric, while the axial path ’ s components are the focal distance  F  in air and the 
maximum lens thickness  T  in the dielectric. Equating the electrical lengths yields:

   nl r nT F+ = +     

 This is also expressed in polar co - ordinates( r ,  θ  ) as

    r
n F

n
= −

−
( )

cos

1

1θ
    (1.5)   

 This equation defi nes a hyperbolic curve with eccentricity of  n  and where the origin 
coincides with the focus. Later, the profi les of other types of lenses will be described, 
for example, with two refractive surfaces. The design procedures follow a similar 
approach as for this simple case. 

 For collimation the optimum curvature is elliptical, but because we also know that 
a spherical curvature is commonly encountered in optics, we can say that a circle should 
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be a usable approximation to the planar - concave geometry of Figure  1.14 . We can show 
that the circle is indeed a good fi t if the focal length is more than twice the lens diameter, 
that is, it is an  f /2 lens. From this geometry it can be shown that the beamwidth of the 
feed shouldn ’ t exceed 28 degrees, requiring its aperture dimension to be 2 wavelengths 
or greater. 

 The radius of curvature R of the two lens surfaces is calculated from an optical 
formula:

   
1

1
1 1

1 2f
n

R R
= − −



( )  

  where a negative radius denotes a concave surface. All combinations of  R 1   and  R 2   which 
satisfy the formula are equivalent, as shown in Figure  1.15 .   

     Figure 1.14.     One - surface - refracting lens.  
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     Figure 1.16.     Types of lens: (a) type  a ; (b) type  b ; (c) type  c ; (d) type  d.   
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 The over - arching objective of the collimating lens, like that of the parabolic refl ec-
tor, is an aperture exhibiting a constant phase front. To this end, the four most common 
lens types will be reviewed, as shown in Figure  1.16 . Types  a  and  b  have one refracting 
surface, and one where rays pass at normal incidence. We have already encountered 
type  a  above and in Figure  1.14 . In contrast, in type  b , it is the surface on the opposite 
side from the feed at which refraction takes place, and the facing side is spherical. Types 
 c  and  d  lenses are often called  “ dual - surface lenses ”  because both are used to produce 
a required amount of refraction which together produce collimation and the required 
constant phase front. Type  d  has two similar refracting surfaces while Type  c  has two 
dissimilar surfaces (one is plane), but can be identifi ed as a sub - class of type  d  and as 
one which is favorable for placing directly in the aperture of a horn, as illustrated.   

 Two formulations are now useful for describing each type of lens. These are a 
formula for the lens thickness, and another for the surface, although they are really 
equivalents. The profi le for the type  a  lens has already been covered above. Its thick-
ness  T , relative to its diameter  D , is given by:

   
T
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D n n
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 Moving on to the type  b  lens, the surface facing the feed is spherical, while the opposite 
face has a profi le described by the polar equation:

   r
n

n
F= −

+
( )

cos

1

θ
  

 and thickness:

   
T

D n
=

−
1

2 12( )
  

 If the type a lens is intended to be placed in the aperture of a horn, and in contact with 
it, the angle   θ   max  — Fig.  1.16 a — must exceed the horn ’ s interior angle of taper, where

   θmax cos= 





−1 1

n
  

 If this condition isn ’ t met, a physical contact can ’ t be made across the full aperture of 
the horn. This need not necessarily be a problem, but would require an additional 
support structure between the horn and lens, a longer structure, and could give rise 
to excessive spill - over radiation unless the horn ’ s (primary feed) pattern is carefully 
chosen. 

 For the type  c  lens, as a matter of convenience, we use a radius  r  along the trans-
verse axis which is orthogonal to the usual lens axis  z . The shaped lens profi le is then 
given by  r  and  z , both expressed as functions of angle   θ  :
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 and

    z r F S= −( tan )θ     (1.7)  
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 The axial thickness of the type  c  lens, again relative to diameter  D , is
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 The equations defi ning the surfaces of type  d  lenses cannot be expressed as directly as 
with the preceding 3 cases. Instead, they are related through simultaneous differential 
equations. These have been expressed by Olver et al.  [18]  as:
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  where  P (  θ    ′  ) is the radiated power per unit solid angle, and in the direction:
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 The axial thickness  T  of a type  d  lens is given  [18]  by:

   
T

D n

F

D n n

F

nD
= 



 +

−







−1 1

4 12

2

( )
  

 Unsurprisingly, the type  d  lens, as well as being of more complex design, entails more 
fabrication stages compared to its type  c  counterpart, and possibly offers little, if any, 
performance advantage. 

 The relative permittivity of the lens material shouldn ’ t be less than a certain 
minimum value if the primary feed is intended to be a horn type in contact with the 
lens. In this context, a long horn with a narrow fl are angle would be needed with very 
low constant lenses which of necessity are physically thick (these fall into the low 
density foam category with  ε  r     <    1.5). Such a horn - lens combination may offer minimal 
advantage compared to the horn on its own, and a better combination would use a higher 
relative permittivity, for example,  > 1.7. More details can be found in Reference  37 . 

 One of the main disadvantages of dielectric lenses is their bulk at lower microwave 
frequencies. To overcome this, the thickness of a solid - dielectric lens can be reduced 
by removing slabs of integral - wavelength thickness at periodic intervals called  zones . 
Applying this to a type  c  lens gives rise to the profi le shown in Figure  1.17 . Here, a 
point at transverse radius  r  and axial distance  z  is shown.   

 When the zoning principle is applied across the lens surface the optical - path length 
differs by one wavelength between adjacent zones. Starting from the center and increas-
ing radial distance  r , the next zone interval is the point at which the lens thickness 
has reduced by one wavelength. Hence the next zone commences with an increase in 
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thickness of the same amount, which is  λ  0 /( n  - 1). The minimum physical lens thickness 
needs to be at least a little larger than this value to provide a mechanical support layer, 
as indicated on the left side in Figure  1.17 . For  N  zones, the path through the outer 
zone is  λ  0 ( N  - 1). The zoned lens is hence a limited bandwidth device, and becomes more 
so as its diameter increases and more zones are used. Hence this approach detracts from 
what is otherwise an inherently wideband device. 

 From Figure  1.17 , the equations for the profi le in terms of both angle   θ   and  R  are 
just modifi ed versions of those encountered for the continuous surface type  c  lens, 
and are:
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  where  N      =     1,2,3 . . .    . etc counting from the lens center, and  S  is the same as that in 
(Eq.  1.8 ). 

 Zoned lenses are best used at lower microwave frequencies rather than at millime-
ter wave frequencies. In the former case the mass saving can be signifi cant and it is 
worth the extra fabrication complexity, so long as bandwidth requirements are not great. 
A subtle disadvantage of zoning is that aperture blockage is introduced by the discon-
tinuities between zones, an effect which is a strong function of  f/D  value  [38] . 

 Another development of the zoned lens is the phase correcting Fresnel zone plate 
lens (Fig.  1.18 ). Here the manufacturing process is simplifi ed because the curvature of 

     Figure 1.17.     Zoned lens.  
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a conventional lens (zoned or otherwise) is dispensed with and a set of radial grooves 
at discrete depths used instead. The radii of the grooves are given by:

   r Fi
p

i
p

ii = + 





=2 1 20 0
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, …     

 and the thickness of the step  s  by:
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  where  F  is focal length,  λ  0  the free space wavelength and  p  is an integer which defi nes 
the number of steps and hence the granularity of the surface. For example, for  p      =     2 
there are 2 corrections per wavelength or a 180 °  phase correction, for  p      =     4 there are 
4 corrections per wavelength or a 90 °  phase correction and so on. (For  p     =    infi nity the 
steps are blended out into a continuous curved surface.) 

 Metal plate lenses, encountered above in Figure  1.2 , have been used as a potentially 
less massive alternative to either smooth or zoned dielectric lenses, with a different set 
of strengths and weaknesses in degrees of freedom for the design — among these being 
bandwidth and polarization.  

   1.6    METAMATERIAL LENS 

 Metamaterials are artifi cial composite structures with artifi cial elements (much smaller 
than the wavelength of electromagnetic propagation) situated within a carrier medium. 
The subject attracted signifi cant interest since practical implementation solutions have 
emerged. Also, research work shows that antenna gain can be enhanced by using meta-
materials as antenna substrates  [39] . 

 These materials can be designed with arbitrary permeability and permittivity  [40] . 
Left - handed materials are characterized by a negative permittivity and a negative 
permeability -  at least across a portion of the electromagnetic frequency spectrum. As 
a consequence, the refractive index of a metamaterial can also be negative across that 
portion of the spectrum. In practical terms, materials with a negative index of refraction 
are capable of refracting propagating electromagnetic waves incident upon the meta-
material in a direction opposite to that of the case where the wave was incident upon 
a material having a positive index of refraction (the inverse of Snell ’ s law of refraction 

     Figure 1.18.     Phase Correcting Fresnel Zone Plate Lens.  
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in optics). If the wavelength of the electromagnetic energy is relatively large compared 
to the individual structural elements of the metamaterial, then the electromagnetic 
energy will respond as if the metamaterial is actually a homogeneous material. 

 As these materials can exhibit phase and group velocities of opposite signs and a 
negative refractive index in certain frequency ranges, both of these characteristics offer 
a new design concept for lens antenna feeding. 

 One of the approaches starts from the equivalent transmission line model and 
artifi cially loads a host line with a dual periodic structure consisting of series capacitors 
and shunt inductors  [41] . The length of the period and the values of the capacitors and 
inductors determine the frequency band in which the material has this double negative 
behavior. 

 An example of such structures is in arrays of wires and split - ring resonators  [42, 
43] . These three - dimensional structures are complicated and are diffi cult to apply to 
RF and microwave circuits. A more practical implementation uses transmission lines 
periodically loaded with lumped element networks  [44, 45] . 

 The starting point is the transmission line model presented in Figure  1.19 a. The 
equivalence between the distributed L and C for the transmission line and the permit-
tivity and permeability of the medium is expressed as  ε     =     C ,  μ     =     L . By periodically 
loading this transmission line with its dual in Figure  1.19 b, the values of  ε  and  μ  change 
as follows  [44] :

    ε ε
ω

µ µ
ωeff eff

Ld Cd
= − = −1 1

2 2
    (1.9)  

     Figure 1.19.     (a)  L - C - L  and (b)  C - L - C  transmission line models.  
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  where  ε  and  μ  are the distributed inductance and capacitance of the host transmission 
line respectively. It is clear from Equation  (1.9)  that for certain values of  L, C  and  d , 
the effective permittivity and permeability of the medium becomes negative for some 
frequency ranges. In these ranges, the refractive index is negative and the phase and 
group velocities have opposite signs.   

 In Figure  1.20 , three unit - cell circuit structures are repeated periodically along the 
microstrip line. A unit - cell circuit, in the structure, consists of one or more electrical 
components that are repeated — in this case disposed along the microstrip transmission 
line. In the structure in Figure  1.20  above, series interdigital capacitors are placed 
periodically along the line and T - junctions between each of the capacitors connect the 
microstrip line to shorted spiral stub delay lines that are, in turn, connected to ground 
by vias. The microstrip structure of one capacitor, one spiral inductor and the associated 
ground via, form the unit - cell circuit structure of Figure  1.20 .   

 Structures such as Figure  1.20  can be used in leaky - wave antennas (as opposed to 
phased array antennas), which have been designed to operate at frequencies of up to 
approximately 6.0   GHz  [46] . With certain modifi cations, these metamaterials can be 
used at relatively high frequencies, such as those frequencies useful in millimeter wave 
communications applications  [47] . For instance, the unit - cell circuit structure of Figure 
 1.20  can be reduced to a size much smaller than the effective wavelength of the signal. 
To achieve a high - performance transmission line impedance at a particular frequency, 
the physical size and positioning of unit cells in the metamaterial microstrip line needs 
to be carefully considered. 

 High - gain printed arrays have previously relied on a signal - feed/delay line archi-
tecture that resulted in a biconvex, or  Fresnel lens  for focusing the microwaves  [47] . 
The use of such lens architectures has resulted in microwave radiation patterns having 
relatively poor sidelobe performance due to attenuation as the wave passed through the 
lens. Specifi cally, the signal passing through the central portion of the lens tended to 
be attenuated to a greater degree than the signal passing through the edges of the lens. 

     Figure 1.20.     Periodic structure of three unit cells.  

Interdigital capacitors 

Shorted spiral
delay line   



METAMATERIAL LENS 29

This resulted in an aperture distribution function that was  “ darker ”  in the center of the 
aperture and  “ brighter ”  near the edges. The diffraction pattern of this function results 
in signifi cant sidelobes (the diffraction or far - fi eld radiation pattern is the two -
 dimensional Fourier transform of the aperture distribution function). While placing 
signal delay lines in the lens portion of the system could reduce the sidelobes and, as 
a result, increase the performance of a phased - array system, this was deemed to be 
limited in its usefulness because, by including such delay lines, the operating bandwidth 
of the phased - array system was reduced. 

 However, instead of a biconvex lens, a metamaterial can be used to create a bicon-
cave lens (by means of controlling the effective refractive index of the material) for 
focusing the wave transmitted by the antenna. As a result, a wave passing through the 
center of the lens is attenuated to a lesser degree relative to the edges of the lens (the 
aperture is now brighter at the center and darker near the edges), thus signifi cantly 
reducing the amplitude of the sidelobes of the antenna while, at the same time, retaining 
a relatively wide useful bandwidth. 

 The metamaterial lens is used as an effi cient coupler to the external radiation, 
focusing radiation along or from a microstrip transmission line into transmitting and 
receiving components. Hence, it can be designed as an input device. In addition, it can 
enhance the amplitude of evanescent waves, as well as correct the phase of propagating 
waves. 

 A meta - material lens is made using  composite right/left handed transmission line  
( CRLH - TL )  [48] . The potential of the shaped metamaterial lens has been investigated 
for wide angle beam scanning  [49] . One example is a meta - material lens antenna using 
dielectric resonators for wide angle beam scanning. The lens antenna is composed of 
the radiator, the parallel plate waveguide and the meta - material lens. 

 Figure  1.21  shows an unit cell of the meta - material lens. The unit cell is composed 
of the parallel plate waveguide with   ε    r      =    2.2 and the dielectric resonator with   ε    r      =    38, 
thickness is  h     =    2.03   mm and the diameter is  a     =    5.1   mm. The distance of the parallel 

     Figure 1.21.     Confi guration of unit cell of the metamaterial lens ( © 2010 IEEE  [49] ).  
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plate is  d . The excitation mode of the parallel plate waveguide is  TE 1   mode in order to 
excite  TE 01 δ    mode of the disk type dielectric resonator. The effective permittivity  ε   eff   
and permeability  μ   eff   are shown in Figure  1.22 .   

 The frequency at  ε   eff      =    0 increases as  d  decreases because the cut - off frequency 
shifts to a higher frequency. When  d     =    5.1   mm, negative values of  ε   eff   and  μ   eff   are 
obtained below 11.5   GHz and the refractive index  n  becomes negative value. Here, 
 n     =     − 1 is obtained around at 11   GHz. Figure  1.22  shows the confi guration of the 
meta - material lens antenna composed of the radiator, the parallel plate waveguide and 
the metamaterial lens. The number of unit cells is 100, . f / D     =    0.5 and the lens aperture 
is 156   mm (about 5.7  λ ). The minimum thickness of the metamaterial lens along  z  axis 
is three cells. The matching layer is set on the aperture of the lens for the impedance 
matching between the metamaterial lens and the air. The absorber materials are set 
around the lens antenna for reduction of the multiple refl ections in the parallel plate 
waveguide. The parallel plate waveguide between the radiator and the metamaterial 
lens is fi lled by dielectric material with  ε   r      =    10.2.  

   1.7    PLANAR LENS OR PHASE - SHIFTING SURFACE 

 A concept gaining ground since the mid 1990s has been the planar lens  [50]  or phase -
 shifting collimating surface. Like the refl ect - array, the planar lens comprises a surface 
of discrete radiating elements confi gured to yield a phase distribution which exhibits 
a collimating effect. While the origin of the  “ refl ect - array ”  moniker would be self -
 evident, the equivalent  “ lens - array ”  appears not to have come widely into use. 
Notwithstanding this nomenclature, the two techniques are closely related, just as the 
refl ector and lens antennas are related: each exhibits a fi rst focus at which a primary 
feed is placed, and a second focus at an infi nite distance. 

     Figure 1.22.     Confi guration of the metamaterial lens antenna for wide angle beam scanning 

( © 2010 IEEE  [49] ).  
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   1.7.1    Refl ect Array 

 The refl ect - array has received rather more attention than its lens - like equivalent and so 
it ’ s worth proceeding with a very short review of this technology. The principle of 
operation of the planar lens should then be more easily grasped. 

 The essential property of the refl ect array is to re - radiate the incident fi eld of a 
source, or primary feed, in a manner which yields a constant - phase aperture and thus 
a collimated beam. While collimation is achieved by a parabolic refl ector owing to its 
curvature, the refl ect array utilizes a discrete set of array elements, distributed across a 
planar aperture, whose phase responses are suitably tailored. The two cases are com-
pared in Figure  1.23 a,b. While a linear array is shown the same phase shifting principle 
could apply also across two dimensions. The radiating elements could be any conve-
nient antenna (in some early refl ect arrays waveguide horns were used) although a 
popular and practical type would be a printed dipole, patch or similar. A means of 
varying the phase response of each radiator (i.e., the phase of the refl ected fi eld com-
pared to the incident fi eld), and one which is perhaps easiest to visualize, is the series 
addition of a short or open - circuited transmission line. Then, varying the length of this 
line varies the phase of the element ’ s re - radiated fi eld.   

 Considering printed radiating elements it is easy to see how these can conveniently 
be integrated with printed microstrip transmission lines whose lengths are chosen to 
produce the required aperture phase distribution, albeit in a discretized manner. Now, 
open circuited microstrip lines exhibit some disadvantages: consumption of circuit real 
estate, a tendency to produce unhelpful radiation at the open circuit stub, and circuit 
loss. These drawbacks can to some extent be ameliorated by use of aperture coupled 
patches so that parasitic radiation can be suppressed on the opposite surface to the 
radiating aperture. Alternatively, the microstrip lines can be dispensed with altogether 

     Figure 1.23.     Refl ect - array concept: (a) path lengths across aperture of parabolic refl ector, 

and (b) discretized equivalent using radiating elements and transmission lines.  
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if alteration of some other dimension (e.g., patch length and width) can be contrived 
to generate an adequate variation in phase. 

 A cited advantage of refl ect arrays includes that of fabricating a refl ecting, collimat-
ing surface without recourse to the perceived manufacturing cost of fabricating a para-
bolic dish. Now, while dishes up to a certain size (say 0.5 to 1.0   m, as used for satellite 
TV) are nowadays remarkably low in cost, other properties of refl ect arrays compared 
to parabolic refl ectors should also be set out. The refl ect array allows for further 
manipulation of the aperture distribution, for example by integrating active phase shift-
ers or amplifi ers to the array circuit. Radiating elements may be tuned to particular 
frequencies or to introduce polarizing effects (e.g., yield circular polarization from a 
linear polarized feed). In Reference  51  a switched beam variant was reported, whereby 
the phase distribution across the aperture was altered by mechanical adjustment of one 
of the laminates. 

 Furthermore, beam shaping can be achieved by imposition of an arbitrary phase 
and amplitude distribution across the array, and this can be achieved at low cost and 
for low production volumes should the array be fabricated using printed circuit technol-
ogy. The refl ect array has also established interest as a stowable or foldable antenna; 
this has been of particular interest in space communications where large apertures might 
be stowed in relatively small volumes for launch, then unfurled for deployment in orbit. 
Some remarkable examples of experimental antennas for space have been infl atable 
refl ect arrays developed at Jet Propulsion Laboratory  [52, 53] . Refl ect arrays of course 
are not without disadvantages. Perhaps the most prominent among these are the inherent 
low bandwidth which is caused by the frequency dependence of delay - lines (if used) 
or other phase altering property of the elemental radiators. 

 Other types of refl ect array may be illuminated from a distance and so both foci 
lie at infi nity. These may also phase modulated so as to impart a unique code on the 
refl ected signal  [54]  although these refl ectors act as transponders rather than antennas 
in the present context. One such device is shown in Figure  1.24  where the radiating 

     Figure 1.24.     An active refl ect - array (a) circuit for x - band, (b) assembled transponder.  
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elements are visible and the active elements are housed on a second laminate which is 
aperture - coupled to the radiating layer.    

   1.7.2    Planar Lens or Lens Array 

 Having introduced the basic properties of the quite well established and studied refl ect 
array, the principle of the planar lens, or as has been coined here  “ lens array, ”  should 
be apparent. The terms  “ discrete lens ”  and  “ transmit array ”  have also been used. Where 
the radiating elements of the refl ect array are replaced with transmissive elements (Fig. 
 1.25 ), and so long as elemental phase distribution is retained, the surface resembles a 
lens rather than refl ector. Put another way, the radiating elements are now required to 
forward scatter rather than back scatter. In practice, this would likely be achieved by 
dispensing with the ground plane associated with the refl ect - array ’ s patch antennas, and 
optimizing the forward scattering effi ciency of the elements. This would lead to a single 
layer lens array. Suitable radiating elements could then closely resemble those com-
monly encountered in frequency selective surfaces, for example, loop, star, slot, ring, 
or dipole types  [55] . A difference however is that the elements of the single layer lens 
array will not be of uniform dimension, since the phase of the forward scattered com-
ponent must be a function of the path distance to the primary feed. Ideally, it should 
be possible to set the phase response of each element within the range 0 °  to 360 °  which 
is not always straightforward depending on the type of radiating element chosen. 
Another type of radiator reported is the stacked (multi - layer) patch, where several 
degrees of freedom are available to help tune to the desired phase response. In Reference 
 56  three metallic and two dielectric layers were used to realize phase shifting surfaces 
at 30   GHz.   

 Alternatively, a dual - layer lens array can be used where one array acts as a receiv-
ing layer and each element is connected to a counterpart in a second, transmitting array. 

     Figure 1.25.     Refl ect array (a) compared to lens array (b).  
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The lengths of the interconnecting lines determine the required phase relationship 
between transmitting and receiving elements according to their location in the array 
planes (Fig.  1.26 ). Here it is more straightforward to set the phase relationship between 
the two interconnected elements: the length of the transmission line is increased or 
decreased as necessary, although this does lead to the disadvantages of ohmic loss and 
the consumption of circuit real estate.   

 A subtle effect that needs to be considered in lens arrays is that both the element 
frequency response and the phase of its transfer function tend to vary with the incident 
angle of the incident wave (the incidence angle with respect to the feed), particularly 
for short  f/D  ratios. For  f/D  much greater than 1 the variation of incidence isn ’ t very 
great and its effect might justifi ably be ignored. 

 In Reference  57  a variant was reported whereby the intermediate layer between 
receive and transmit printed antennas comprised a co - planar - waveguide resonator. The 
properties of this resonator determined the phase relationship between the two antennas 
and so acted in lieu of the more simplistic transmission line interconnection illustrated 
above. Furthermore, the resonator exhibited fi lter properties and so the term  “ antenna -
 fi lter - antenna ”  was coined for this frequency selective radiating element. Phase ranges 
of only 0 °  to 180 °  were achieved for a given antenna element type, but the full 0 °  to 
360 °  range was achieved by combining two different types across the planar lens aper-
ture. Abbaspour - Tamijani et al.  [57]  reported an experimental 3 - in. -  diameter lens array 
with measured gain 25.6   dBi at 35.3   GHz and so with an effective insertion loss of 
3.5   dB. 

 Another type of planar lens antenna is the  Fresnel zone - plane lens  (Fig.  1.27 ). The 
origin of this lens is from its optical equivalent where a fl at lens was sought. Its principle 
of operation is that adjacent rings have a mean phase difference of   π  /2 -  these are Fresnel 
zones. By blocking out alternate zones, those remaining zones have in - phase average 
path lengths. Like the zoned dielectric lens, the zone - plate is bandwidth limited because 
its design is fi xed for a particular frequency. Also, the zones can be chosen to yield two 

     Figure 1.26.     Two layer lens array with interconnecting lines which determine phase.  
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arbitrary foci, or where one focus is at infi nity the zone plate is useful as a lens antenna. 
The lens radii can be derived from straightforward use of Pythagoras ’ s theorem and 
Figure  1.27 . Here, the path length  L  at each ring edge increments by one half wave-
length, thus

   L f nn = + λ
2

 

  where f is the focal distance and  n  is a counter    =    1,2,    . . .    
 and so:
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 Furthermore, for  f     >>      λ  , such as might occur in optics, we can approximate   rn nf≈ λ . 
 The chief advantages of the zone plate, as a lens antenna, is the convenience of its 

fl at structure and the simplicity of manufacture. Such a plate can easily be fabricated 
as a printed circuit, for example. Of course, its profound disadvantage is that the block-
age of alternate zones rejects half the available power from the system. However, the 
concept has been adapted for microwave frequencies by using dielectric rings of alter-
nating height where the adjacent zones ’  thicknesses differ by one half wavelength, and 
the metal (blocking) rings are dispensed with. This recovers the otherwise missing half 
of the available energy, but the phase relationship between rings (zones) is still imper-
fect, there being a 90 °  discontinuity at each boundary. These phase errors are reduced 
by reducing the granularity of the steps and leads to the phase correcting Fresnel zone 
plate lens Figure  1.18  discussed above, which typically uses more steps and more 
closely resembles the zoned dielectric lens. 

     Figure 1.27.     A Fresnel zone plate lens.  
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 In all these versions the complete zone - plate lens is made out of a single dielectric 
material. A recent alternative construction, based on the same principle, uses two dif-
ferent dielectric materials. In this version all of the rings have exactly the same thick-
ness, but the phase - shifted rings are composed of the second dielectric material. The 
advantage of this structure is that the surface is completely fl at instead of possessing 
small ridges. A recent article by J. C. Wiltse  [58]  discusses the operation of the zone -
 plate lens for millimeter waves and describes the various versions mentioned above. 
Another comprehensive summary is found in Reference  59 . 

 Unsurprisingly, there exists a close analogue in refl ector antennas with the Fresnel 
zone refl ector which employs a similar zoning of refl ective rather than diffractive bands. 

 The concepts of the Fresnel zone plate lens (Fig.  1.26 ) and the phase shifting 
surface lens were cleverly combined in Reference  60  where a phase shifting surface 
was used instead of the otherwise opaque metal zones, and a signifi cant fraction of the 
lens area was not metalized at all. This structure was called a phase - correcting  phase 
shifting surface  ( PSS ) lens antenna and Gagnon et al.  [60]  compared it with three other 
lens types: dielectric plano - hyperbolic lens antenna, 90 °  phase - correcting Fresnel zone 
plate antenna. (Fig.  1.18 ) and Fresnel zone plate antenna (Fig.  1.27 ), all with a diameter 
of 152   mm and  f/D  ratio 0.5. Measurements on the 4 types were carried out in the region 
30   GHz. The PSS lens of Gagnon et al.  [60]  outperformed all but the plano - hyperbolic 
dielectric lens antenna, falling short by just 0.3   dB of gain. However, it exhibited a 
weight reduction by a factor of almost ten and a forty - fold thickness reduction. The 
chief disadvantage was limited bandwidth, being 7% at 1   dB.   

   1.8    APPLICATIONS 

 Lens antennas can fi nd application in a wide range of environments; a few are listed 
below:

   1.     Fixed wireless services such as telephony and internet. These services might be 
combined.  

  2.     Satellite television (receive only service) with the possibility of multiple beams 
and hence using multiple satellites, without the need for motorized feeds.  

  3.      Ultra Small and Very Small Aperture Terminals  ( USAT/VSAT ) for two - way 
satellite communications.  

  4.     In radar, for active or passive signal scanning of a wide area, for security pur-
poses or for automotive collision avoidance radar such as is used in bands 
around 77   GHz.  

  5.      Radio Frequency Identifi cation  ( RFID ).  

  6.     Multi - beam antennas. In  wireless local area network  ( WLAN ) applications, 
multiple point - to - point communication links can be arranged using the same 
antenna, thus eliminating the slow - down of data speed when many nodes 
are transmitting in an omni - directional fashion and thus interfering with each 
other.  
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  7.     In compact radio transceivers where the electronic components and modem 
are protected in a casing behind the antenna aperture, offering a measure of 
isolation from the environment. Such an enclosed antenna is also excellent in 
repeater systems, where received and transmitted signals tend not to disturb 
each other.    

 Also,  voltage standing wave ratio  ( VSWR ) measurements reveal that the lens antenna 
is equally well - suited as a transmitter as a receiver. The refl ection coeffi cient at the 
primary feed should be very low and so is not particularly likely to refl ect much trans-
mitted power back toward the power amplifi er. 

 The compactness of lens antennas and the ease with which multi - beam variants 
can be produced makes them very attractive for exploiting the large bandwidths avail-
able at millimeter wave frequencies and thus suitable for very high data rate and spec-
trally effi cient communications. This theme will occur several times throughout the 
following chapters.  

   1.9    ANTENNA MEASUREMENTS 

 Aside from an antenna ’ s physical properties (mass, dimensions and so on) its electrical 
properties are of most interest to engineers and the measurement of which merits careful 
consideration. Also setting aside the property of return loss, which would entail the use 
of a vector network analyzer in a calibrated, single port measurement, it is the measure-
ment of antenna radiation patterns which are of most interest. Approaches to measure-
ment of radiation patterns fall into several broad areas such as indoor, outdoor, near 
fi eld and far fi eld methods. A summary may be found in Chapter  17  of Reference  17 . 

 Outdoor ranges are, almost by defi nition, not protected from the environment 
(precipitation, interference), while indoor ranges offer limited inter - antenna separation. 
Indoor ranges use an anechoic interior lining to provide a non - refl ective measurement 
environment . Two basic forms of anechoic chambers are rectangular and tapered box 
types; the latter are used more for low radio frequencies, for example, below 1   GHz. 

   1.9.1    Radiation Pattern Measurement 

 The radiation pattern of an antenna is three - dimensional over a sphere surrounding the 
antenna. Because it is not always practical to measure a three - dimensional pattern, a 
number of two - dimensional patterns (referred to as pattern cuts) are often measured. 
Different types of antenna positioners can perform this, such as Elevation - over - Azimuth, 
Azimuth - over - Elevation, or Roll - over - Azimuth mounts. Antenna directivity can be 
derived from the measured radiation pattern. This entails the numerical integration of 
the radiation intensity over all of space and so requires an adequate sampling over a 
spherical surface, which has implications for the time required to measure what can be 
a large data set. Alternatively, directivity might be inferred from two orthogonal planes 
of data, where interpolation is used for the space between and some loss of accuracy 
must be expected. For highly directive antennas (many lens antennas will fall in this 
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category) measurement time may justifi ably be reduced by capturing data over just the 
main lobe, again with some loss of accuracy.  

   1.9.2    Gain Measurement 

 Gain can be measured using two basic methods: either by comparison with a known 
calibration standard (e.g., a  “ standard horn ” ), or by calculation using the Friis transmis-
sion equation. The latter, also called the absolute gain method, requires that either the 
transmit and receive antennas are identical, or if they are different then three antennas 
and three measurements are needed to formulate a set of three simultaneous equations 
whose solution determines the gain of the  antenna - under - test  ( AUT ).  

   1.9.3    Polarization Measurement 

 A straightforward way to measure polarization entails two measurements using orthog-
onally polarized linear probes, which might be vertically and horizontally polarized 
(but need not be). In a second method, a single probe mechanically spins (perhaps quite 
quickly, e.g., a few Hz) which is quite useful for direct measurement of the axial ratio 
of a notionally circular polarized AUT.  

   1.9.4    Anechoic Chambers and Ranges 

 In choosing a measurement method one might best begin with an assessment of how 
conveniently a far fi eld measurement could be performed. Here one would start with a 
calculation of the far fi eld condition:

   r
D

far > 2 2

λ
  

 That is, the far fi eld ( Fraunhofer ) zone of the antenna ’ s radiation pattern can be approxi-
mately considered to begin at a distance not less than r  far   above where  D  is the physical 
aperture diameter and  λ  is wavelength. More strictly,  D  is the diameter of a minimum 
radius sphere which wholly encloses the antenna structure. Furthermore, this approxi-
mation derives from the pragmatic observation that at this distance the maximum phase 
error between the observer and any part of the antenna aperture, of  π /8 radians, would 
make little difference to the accuracy of measured patterns. Nevertheless,  “ little differ-
ence ”  could amount to 1   dB or more of error in measurement of sidelobe power at levels 
below about 25   dB with respect to peak main lobe gain. Often the right hand side of 

the above far fi eld equation is modifi ed to   4
2D

λ
 for improved results. 

 These simple formulae drive the required measurement distance for a far fi eld 
measurement range. For distances of about 2 – 3   m anechoic chambers are quite practical 
and, relative to larger measurement ranges, quite low in cost. Many such small cham-
bers are to be found in university research groups and commercial organizations. Often, 
either a single axis positioner (rotator) will be used to facilitate measurement of prin-
ciple planes, or two - axis (e.g., elevation over azimuth positioners are used.) 
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     Figure 1.28.     A single axis antenna pattern measurement system.  
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 A relatively simple antenna measurement system is illustrated in Figure  1.28 .   
 In Figure  1.28  the system is confi gured to measure power only — the spectrum 

analyzer is being used as a power meter. A motor drives a turntable in azimuth hence 
the AUT, the table to which it is mounted and the supporting column are rigidly con-
nected. A computer (PC) commands the turntable motor in discrete angular increments 
and for each of these the received power is recorder, thus capturing a table of results 
with two columns: power vs. angle. The chamber is lined with absorbing material, 
typically a type of carbon - loaded foam of pyramidal shape (Fig.  1.29 ). The lengths of 
these pyramidal blocks infl uences the frequency range over which the absorber is effec-
tive. Shorter lengths ( a few cm) with fi ne points are best for several GHz upwards, 
while longer lengths (a few 10s of cm) better for around 1 or 2   GHz. At lower frequen-
cies the pyramidal points can be truncated if their shortest dimension is somewhat less 
than a wavelength. Any structures inside the chamber, for example, the turntable/
column housing, should be similarly screened such as the rotating column inside the 
tower structure in Figure  1.30 .   

 Various approaches to signal routing can be chosen depending on available equip-
ment and budget. In Figure  1.28  a system is illustrated where the power measurement 
is made at an intermediate frequency. This offers the advantage of very much reduced 
loss in the cable between the AUT and the power detector (spectrum analyzer). Of 
course, some other type of power meter could also be used. In contrast, a measurement 
of power at the RF frequency would tend to lead to a much more lossy circuit between 
AUT and detector, and require a more costly detector. On the other hand, a disadvantage 
of measuring at IF is the need to down convert the RF signal. In Figure  1.28  this entails 
use of a mixer and  local oscillator  ( LO ). A good cost compromise, shown here, is using 
a harmonic mixer which is driven at around half the RF frequency. To take an example, 
for an RF frequency of 30   GHz the LO could be around 14.5   GHz to produce an IF at 
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1   GHz. An important property of the mixer includes the required LO input power, which 
in turn infl uences the loss which can be tolerated in the LO circuit. If the mixer is a 
biased type (where direct current bias is applied to the mixer diodes) the LO power 
requirement is reduced. For non - biased mixers operating at the second harmonic, 
around  +  10   dBm of LO power might be needed. The circuit between LO source and 
mixer might exhibit many dB of attenuation, but this can be minimized by substituting 
waveguide for cable as far as practically possible: this is indicated in Figure  1.28  where 
cable is only used for the rotating interface and the interconnections at the mixer and 
source. Another measure to ensure adequate LO power would be use of an amplifi er 
(mixers can also be obtained with integrated LO amplifi ers) so that loss in the LO circuit 
can be better tolerated. 

 All sorts of alternative confi gurations to that illustrated in Figure  1.28  would be 
practicable. The two sources (signal generators) could be replaced with a single item 
and power divided between RF and LO duties, implying of course that both are at the 
same frequency and so the mixer operates in the fundamental mode (not harmonic). 
Coherence of these two signals also implies a homodyne detection system and so one 
that is highly sensitive to the path length between source antenna and AUT and hence 
to any misalignment of the AUT phase center from the axis of rotation. Other laboratory 
confi gurations use a vector network analyzer effectively to perform both source and 

     Figure 1.29.     View of an anechoic chamber interior (photo: J. Thornton).  
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     Figure 1.30.     Column in anechoic chamber screened by absorber (photo: J. Thornton.)  

receiver functions and with the additional benefi t of phase measurements should such 
be required. 

 Too small a chamber will prove restrictive for many electrically large antennas 
where longer distances are imposed by the far fi eld condition. Some large organizations 
have constructed anechoic chambers on much larger scales, such as the European Space 
Agency ’ s 12.5    ×    8.5    ×    4.5   m range at their  European Space Research and Technology 
Centre  ( ESTEC ) facility in The Netherlands (see photograph of Fig.  1.31 ). This chamber 
however is confi gured as a  Compact Antenna Test Range  ( CATR ), where far fi eld 
conditions are brought about by use of a shaped refl ector which yields a plane wave 
(or  “ quiet ” ) zone in the proximity of the antenna under test. This refl ector is seen on 
the right hand side of the image in Figure  1.31  and it is illuminated by an antenna on 
the balcony seen just left of center. The quiet zone where the positioner and AUT is 
placed is in the region on the very far left.   

 ESA ’ s chamber is suffi ciently large to contain entire satellites or payloads for 
analysis of payload antenna patterns, and for these purposes a multi - axis positioner is 
also installed. The CATR principle is also used in smaller chambers. 
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 For true far fi eld measurement at longer ranges outdoor sites are used. Here, the 
principle of operation is conceptually the most straightforward, but the main issues are 
how to suppress or otherwise account for ground refl ections, outside electromagnetic 
interference, and effects of the weather (either in terms of electrical attenuation and 
scattering, or environmental protection of equipment). 

 In contrast to far fi eld or CATR methods, near fi eld measurements are the other 
family of methods used for antenna pattern measurements and these are also well suited 
to indoor installation. Here the far fi eld is not measured directly but derived from data 
gathered over a surface in the radiating near fi eld ( Fresnel ) zone of the antenna under 
test (AUT). The surfaces most often encountered are spherical, cylindrical or planar. 
In each case the surface relates to both the mathematical transform used to derive far 
fi eld results from near fi eld data, and the mechanical properties of the scanning system. 
The data are derived as a set of two - port measurements where phase and amplitude are 
recorded for the transmission path between transmit and receive ports. In some cases 
the AUT is physically moved or rotated, or a probe in the measurement plane is moved, 
or combinations can occur. 

 Figure  1.32  illustrates the geometry of a typical spherical near fi eld scanner. Here, 
either antenna may be the transmitter or receiver but most often the AUT is the receiver, 
as illustrated. The AUT is mounted on a mechanical two - axis rotator. One axis (e.g., 
 θ ) is fi rst set, then the second (e.g.,  ϕ ) swept through a circle and data recorded at fi xed 
angular increments. The fi rst angle is then incremented and the second swept through 
the full range. The order does not greatly matter, but determines whether data is cap-
tured around a set of circles resembling lines of latitude (Fig.  1.33 a) or lines of longitude 
(Fig.  1.33 b).   

 The equipment in the left hand and right hand sides in Figure  1.32  (i.e., the 
two antennas) may be located at opposite ends of a laboratory or chamber, or they 

     Figure 1.31.     ESA ’ s indoor compact range. (photo: J.Thornton).  
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     Figure 1.32.     Spherical near fi eld scan measurement.  

transmit antenna
(fixed) AUT

q

f

may be rigidly linked on a single piece of bench equipment such as that illustrated in 
Figure  1.34 .   

 A variant of the near fi eld class of methods is the  “ scalar only ”  near fi eld type. 
Here, scalar data (amplitude only) is recorded over two surfaces at a fi xed separation, 
for example over two planes which are a few wavelengths apart. While a single plane 
of scalar sampled near fi eld data does not contain suffi cient information to derive the 
far fi eld, it is possible to infer the missing phase data where a second plane of scalar 
data is available. The process is iterative whereby the scalar data is successively trans-
formed between planes, overwritten, and transformed again repeatedly so that the phase 
data  “ grows ”  in the matrix of samples. The method is considered analogous to holog-
raphy. Convergence can be slow, but speeded up if other boundary conditions are 
invoked such as the truncation of the physical radiating aperture. The advantage is that 

     Figure 1.33.     Spherical scans: (a)  θ  then  ϕ , (b)  ϕ  then  θ .  
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the instruments used tend to be somewhat less costly since only a scalar detector is 
required. 

 Each of these three main categories also have different strengths and weaknesses, 
or areas of applicability. For example, the spherical method samples all the radiated 
fi eld around an antenna and so can derive its far fi eld pattern in all of space. As such, 
for mechanical reasons it is well suited for the measurement of smaller antennas, and 
for electrical reasons it is well suited to broad or quasi - omnidirectional patterns. Of 
course, these two properties (small/electrically small antenna and low directivity) tend 
to coincide. In contrast, the planar method samples data across a planar, usually rect-
angular zone close to the radiating aperture. As such, it can at best only derive far fi eld 
pattern in one half of space, but in practice in an angular region somewhat less than 
this because of the fi nite extent of the spatial sampled area. It is well suited to electri-
cally large and highly directional antennas. A very comprehensive treatise on planar 
near fi eld measurements is found in Reference  61 , while further details of far - fi eld and 
near - fi eld measurements in general can be found in Reference  62 .   
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