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New  Equipment  for  SHF  Electric  Field  Visualization  
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   Abstract  We present the operation and design of newly developed fully automatic equipment for visualization of SHF electric fields. This equipment enables to obtain patterns of SHF fields around different objects including metamaterial product and to study field patterns of various developed SHF antennas and other objects, which interact with surrounding SHF electromagnetic field. Moreover, with scaled sizes of developed products whose interaction with electromagnetic wave is crucial for practical applications, our equipment can be used for testing of antennas and other interacted with electromagnetic radiation devices, not only at SHF, but also at radio frequencies. The performance of our innovative equipment was demonstrated during the investigation of the metamaterial cloak. The frequency behavior of the cloak reveal the frequency bands with maximum efficiency of the meta-material cloak.  

   Index Terms  Equipment, Metamaterial, Microwave, SHF field pattern  

I.   INTRODUCTION  

   The increasing interest has been manifested recently by many researchers to investigation of metamaterials, which composed of a great number of structural metaatom units ordered into a crystal-like packing. Such materials differ from common crystals by the size of their 
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structural units - metaatoms, which is much larger than the structural units of standard crystalline matters as atoms, ions or molecules. Hence, each metamaterial metaatom consists of a large number of ordinary atoms and molecules, though this is not the only difference between meta- and ordinary materials. Metaatoms do not necessarily consist of a single type of molecule or atom, but they can also include several different materials filling the metaatom space in a prearranged way. Such metaatoms of a single or several different types are further packed into a specific predetermined spatial lattice structure to form metamaterial [1 - 3]. In short, metamaterial is man-made material composed of a single or more substances prearranged in a specified sequence to obtain the required properties.  

   The size and structure of the metamaterial as well as its metaatoms depend on the electromagnetic radiation wavelength affecting the metamaterial. The shorter the electromagnetic radiation wavelength, the smaller should be the size of metamaterial metaatoms. For the optical range the size of metaatoms can reach 50-200 nm which is fairly achievable for modern lithographic and material processing equipment used in microelectronics to create large-scale integration circuits, for instance, computer microprocessors. For the SHF range the size of metaatoms is appreciably larger, reaching units and even tens of millimeters [4 – 7]. As a result, SHF metaatoms can be observed by the unaided eye.  

II.   DESCRIPTION  OF  EQUIPMENT  

   We have developed a pioneering experimental equipment for investigation of the properties and measurement of characteristics of SHF metamaterials (Fig.1). This equipment enables us in polar coordinates to obtain the characteristics of SHF electromagnetic flow in the vicinity of the metamaterial sample and reproduce the pattern of its surrounding electromagnetic SHF field.  

   The measuring chamber of the device consists of two horizontal plane-parallel copper discs (1) with a clearance between them where the metamaterial sample is placed. SHF power 
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Fig. 1. The scheme central part of the equipment for SHF electric field visualization. 1–Two parallel copper disks; 2–Supply SHF waveguide; 3 – Megaphone; 4–Antenna-probe; 5–Plate-foundation; 6–Stand; 7–Support-axle; 8–Stepping motor for circular transference of antenna-probe; 9–Disk with gearing; 10–System for radial transference of antenna-probe; 11–Stepping motor for radial transference of antenna-probe; 12–Counterbalance; 13–Support of upper disk; 14–Worm-and-worm pair for hand vertical transference of upper disk; 15–Handle for hand vertical transference of upper disk.  

is supplied from the generator into the measuring chamber by means of a waveguide megaphone (3) aimed at the metamaterial sample placed in the center of the measuring chamber. The value of the SHF field in the vicinity of the sample can be analyzed by usage of an antenna-probe (4) that is a coaxial cable ending with a prominent central wire bent upward. This bent upward wire (rod antenna) is moved by two computer-controlled step motors (8 and 11) along the circular arc as well as in the radial direction that allows to do step-defined measurements of the SHF fields in the measuring chamber in polar coordinates.  

   The SHF field values taken by the antenna-probe are transferred to a computer-connected vector network analyzer (Fig.2). The color image of the electrical component of the SHF electromagnetic field in the vicinity of the metamaterial sample is formed on the computer 
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Fig. 2. The scheme of principal connections between important component of equipment.  

screen by a special processing program. The picture color corresponds to the SHF field value in a predefined way.  

   Therefore, this measuring equipment enables us to get the computer display visualization of the spatial pattern of the SHF field value in the vicinity of the metamaterial sample. This pattern is depicted in prearranged colours with a predefined step, the value of which can be changed before beginning of each measurement within a certain interval.  

III.   METAMATERIAL  FOR  TESTING  

   The authors of [7] describe the design of a metamaterial product that allows the waves of the SHF electromagnetic field to turn round their created ring-shaped metamaterial object as well as the objects placed inside that ring-shaped cloak.  

   Due to the authors of [7] such metamaterial design should ideally prevent wave reflection and scattering because the whole wave passes through the cloak as through an empty waveguide. Therefore, it appears as an “empty space illusion” as if there was no object on the way of the SHF wave. Since the SHF wave does not penetrate inside the ring, any objects can be placed there and their presence inside the ring will have no effect on the SHF wave propagation pattern. This masking effect is demonstrated for a copper cylinder 5 cm in diameter and 1 cm high placed inside the ring-shaped metamaterial cloak, which is totally opaque for electromagnetic waves.  

   In the case of an uncloaked cylinder we can see a distinct shadow behind the cylinder and color intensification of the field pattern in front of the cylinder due to wave reflection. The map of the SHF field with a copper cylinder surrounded by a metamaterial ring shows a smeared shadow behind the object, the reflection in front of the object also diminishes it which is confirmed by the attenuation of the intensity of the field pattern on the same side of the object.  

   In the ideal case the shadow of copper cylinder, which is placed in the center of metamaterial ring, has to be entirely disappeared. However, it does not occur: nevertheless a smeared shadow is seen behind the cloak with the copper cylinder inside. The authors explain this by a few losses in the meta-material.  

   Indeed, metamaterial consists of a great number of metaatoms, namely, split ring resonators (SRR), made of thin copper foil of 17 micrometer thick, placed on flexible dielectric “Duroid 5870” which is 381 micrometer thick polyethylene terephthalate film reinforced with glass fiber powder. As copper is not a perfect conductor (not a superconductor) and has electric resistance, the latter causes most of the losses. Dielectric is not perfect too: its dielectric loss tangent is equal to 0.0012 at the 10 GHz frequency. There are other typical losses for any imperfect (not theoretically calculated) object, and this is in agreement with the data of work [7].  

   Since this metamaterial sample seems to be a fairly interesting research object and its sizes and parameters are clearly and unambiguously indicated in the mentioned above paper, we chose it for testing of our new equipment (Fig.3) that allows to visualize SHF waves spatial expansion patterns, or more specifically, their electric component. The exterior view of cloak with a copper cylinder inside is shown in Fig.4.  
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Fig. 3. The outward appearance of our new equipment for SHF electric field visualization.  
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Fig. 4. The outward appearance of ring-like metamaterial cloak with copper cylinder inside.  

IV.   EXPERIMENT  

   We made a metamaterial object following the description given in [7]. The sample was placed in the measuring chamber center of our equipment for visualization of the SHF electric field pattern. SHF power was supplied by the coaxial cable (Fig.5) from the first port of a “P4M-18” Vector Network Analyzer to the first power divider (left power divider in Fig.5).  

   Then the power divider splits the signal between two parts: the reference and the measuring signals. The signal of the measuring channel is supplied through a doorknob transformer and a waveguide piece to a brass megaphone with an outflow face of 1 x 20 cm. From the megaphone the SHF signal with vertical polarization of the electric component is supplied to the measuring chamber, which 
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Fig. 5. The SHF circuit scheme of our new equipment.  

represents the 11 - 12 mm spacing between two parallel copper disks. After passing through the measuring chamber the SHF signal is collected by a rod antenna moving along the radius as well as the circular arc (in the polar coordinates). Then the signal collected by the rod antenna is transmitted by the phase stabilized coaxial cable to the second power divider (right power divider in Fig.5) where it is summed and interferes with the reference channel signal. By the coaxial cable the interfered signal gets to the second measuring port of the “P4M-18” Vector Network Analyzer that analyzes the signal by measuring its amplitude and phase. Our special computer program for these measurements using “Visual Basic 6.0” draws on computer display the SHF electric field pattern inside the measuring chamber in prearranged colors. The aubergine-purple color corresponds to the minima (negative maxima) of the SHF electric field and the red color to the positive maxima. The zero of electric field strength is represented by the aquamarine experimental points on the SHF electric field pattern.  

   We have studied SHF field patterns in the empty chamber and for the case with a copper cylinder 50 mm in diameter and 10 mm high 
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Fig. 6. (Colour.) SHF electric field patterns for empty measuring chamber (left) and for measuring chamber with Cu cylinder in the centre (right). The SHF field frequency is 10 GHz.  

placed in the center of the measuring chamber at 10 GHz frequency (Fig.6).  

   We have also received a series of patterns of the SHF field electric component for the meta-material cloak at different frequencies and a series of similar SHF filed patterns at the same frequencies for the case with the copper cylinder 50 mm in diameter and 10 mm high placed inside the metamaterial cloak. During the experiments on the both SHF field patterns, the “empty” metamaterial cloak as well as that with the copper cylinder inside, was placed in the center of the measuring chamber of our equipment. The patterns of the SHF field electric component are shown in Figs.7-10.  

   We have also obtained the frequency dependences of the SHF electric field strength in the points along the 70 mm radius (the radius of the internal points row on the pattern of the SHF field with metamaterial cloak) at a 15 degree interval, the first curve corresponding to the 30 degree azimuth and the last to the 330 degree azimuth. The curves for twenty-one 
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Fig. 7. (Colour.) Ideal and not ideal camouflage cases. SHF electric field at 8.0 GHz (above) and 7.3 GHz (below): left pictures are for metamaterial without Cu cylinder; right pictures are for metamaterial with Cu cylinder. Almost ideal camouflage of metamaterial sample both without Cu cylinder and with Cu cylinder can see at upper pictures. The camouflage at lower pictures is not ideal.  
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Fig. 8. (Colour.) Not ideal case of camouflage and the appearance of SHF field local minimum. SHF electric field at 8.2 GHz (above) and 8.5 GHz (below): left pictures are for metamaterial without Cu cylinder; right pictures are for metamaterial with Cu cylinder. On below pictures can see the violet spots of SHF field local minimum behind the metamaterial sample.  
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Fig. 9. (Colour.) The bifurcation of SHF stream. SHF electric field at 7.5 GHz (above) and 7.8 GHz (below): left pictures are for metamaterial without Cu cylinder; right pictures are for metamaterial with Cu cylinder. SHF stream doubles behind metamaterial sample: at increase of frequency the bifurcation becomes clearer and less depends on the presence of Cu cylinder within metamaterial sample.  
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Fig. 10. (Colour.) The splitting of SHF stream into five parts. SHF electric field at 8.3 GHz (above) and 8.4 GHz (below): left pictures are for metamaterial without Cu cylinder; right pictures are for metamaterial with Cu cylinder. SHF stream splits into five parts behind the metamaterial sample: at increase of frequency the splitting becomes clearer in the case without Cu cylinder and less clear in the case with Cu cylinder.  

coordinate points were obtained for the case of “empty” metamaterial cloak as well as that with the copper cylinder inside. Pointwise subtraction of curves for the cases of meta- material cloak with and without copper cylinder gives the differential curves for the frequency dependences of SHF electric field strength in each of the twenty-one coordinate points. The curves are shown on the diagram (Fig.11).  
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Fig. 11. (Colour.) Diagram of the differential curves for the frequency dependences of SHF electric field strength in each of the twenty-one coordinate points.  

V.   DISCUSSION   

   It is well seen from the diagram (Fig. 11) that at some frequencies all the twenty-one curves approach to zero. That signifies the minimal difference in SHF electric field strength between the case of “empty” metamaterial cloak and that of metamaterial cloak with a copper cylinder inside at this frequency range in all the coordinate points studied. And this, in one’s turn, indicates that at the frequencies where all the curves of the diagram in Fig.11 approach to zero value of the SHF electric field strength the metamaterial cloak has the maximum camouflage ability with respect to case of the copper cylinder inside.  

   For the ideal metamaterial cloak at frequencies where the difference in SHF electric field strength between the case of “empty” metamaterial cloak and that of meta-material cloak with a copper cylinder inside is close to zero (Fig. 11), the difference in the SHF electric field strength should be expected to become zero. However, since metamaterial cloak is not perfect and possesses losses, the SHF field patterns for the cloaks with and without a copper cylinder do not coincide but exhibit only slight differences. Hence, it is seen that neither of the twenty-one frequency dependencies taken in different coordinate points turn to zero at any frequency. All the curves only approach to zero at some frequencies. However, the efficiency of the metamaterial cloak at some frequencies can be appreciated by the approach of the curves to the zero value of the difference in SHF electric field strength between the case of “empty” metamaterial cloak and that of metamaterial cloak with a copper cylinder inside. When the curves are nearest the zero value of the difference in SHF electric field strength, the camouflage properties of the cloak are maximal, whereas at the frequencies where the curves are farthest from the zero value of the difference in SHF electric field strength, the camouflage properties of the cloak are minimal.  

VI.   CONCLUSION  

   Thus, we have created new automatized equipment that enables to obtain spatial propagation patterns of SHF wave electric field components in prearranged colors that allows us to investigate SHF field patterns around various objects, for instance, metamaterial product, phased gratings, various antennas. All this can be useful for development and testing of such objects.  

   We have demonstrated the efficiency of our new equipment in studies of SHF field patterns around metamaterial camouflage cloak suggested by the American authors in [7].  

   Using our innovative equipment, we have also demonstrated SHF field patterns around the metamaterial cloak suggested in [7] in the frequency range from 7 GHz to 15 GHz and revealed the frequencies at which the camouflage properties of the metamaterial cloak are maximum.  
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