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Abstract



As with the fast-paced development of the communication industry, antennas have become an indispensable part of daily life. However, everyone may have experienced the malfunction of a communication system or radio due to a nearby human body or building or automobile. Then comes the question of how adjacent objects influence the antenna. This thesis has concentrated on the study of these effects on the impedance of the CTHA (contrawound toroidal helical antenna). The results of this study indicate the CTHA’s input impedance changes as a damped sinusoid function of the distance between it and the metallic ground plane. For equivalent distances between the antenna and the metallic ground plane, the CTHA’s impedance has been shown to be less affected than the impedance of a vertical dipole, a horizontal dipole, or a horizontal loop antenna. This has been shown by both simulation and experiment and is demonstrated by the plot of the magnitude of the relative impedance change. It indicates that the CTHA will have a smaller increase of the SWR than the other antennas when foreign objects are in the vicinity of the antenna. This study has also confirmed that NEC (numerical electromagnetic code) is an effective numerical tool for modeling dipoles and loop antennas. The inability for NEC to accurately model the CTHA seems to be caused by the inability to include effects of the core material with dielectric constant other than 1 of the CTHA. Another numerical method, XFDTD (X-window finite difference time domain method), has shown better accuracy in calculating the CTHA’s impedance than NEC when comparing with the experimental results.
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Chapter 1 Introduction 1. Background Over the last 50 years, communication technology has experienced a breathtaking revolution; the antenna has played an indispensable role in that revolution. The antenna serves a communication system the same way that eyes and ears serve a human. More than that, the antenna has been one of the most critical components of some new technologies, such as GPS (Global Positioning System), keyless entry, etc. The need for exploring better antenna designs for all kinds of purposes is well recognized. As defined in IEEE Transactions on Antennas and Propagation [1], an antenna is "a means for radiating or receiving radio waves." Consequently the amount of energy generated from a source that can be radiated or received through an antenna is the primary consideration of antenna design. In general, an antenna is a special component of an electrical circuit, in which the antenna is connected to a source with a transmission line. Under ideal conditions, the energy generated by the source should be totally transferred to the antenna through a transmission line, and then radiated to space. But in a practical system, there are conduction-dielectric losses due to the lossy nature of the transmission line and the antenna, as well as reflection (mismatch) losses at the interface between the line and the antenna. The maximum radiation occurs when the system is under conjugate matching. System matching is the match between the impedance of transmission line, the tuning circuit (matching network), and the impedance of antenna. When the impedance of the transmission line
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and the tuning circuit is fixed, the system matching depends on the stability of the impedance of the antenna. The impedance of an antenna is made up of self-impedance and mutual impedance [2]. Self-impedance is the impedance that would be measured at the terminals of the antenna if it were in free space with no other antennas or reflecting objects in the vicinity. Mutual impedance accounts for the coupling between the antenna and any other source [3]. Usually, the system matching is designed by taking into account the antenna’s self-impedance. In practice, all kinds of objects can exist in the vicinity of an antenna, such as human bodies, automobiles, buildings, etc. These objects could affect the antenna’s mutual impedance significantly, which may result in a very poor performance of the antenna. This research has focused on studying the impedance effect of metallic ground plane on the Contrawound Toroidal Helical Antenna (CTHA). Both experimental and numerical techniques have been used to study the CTHA.



2. Contrawound Toroidal Helical Antenna (CTHA) "The Toroidal Helical Antenna (THA) is a new antenna design that has promising performance as it has a small profile compared to the commercial standard dipole antennas of the same resonance frequency" [6]. As an important class of THA, the Contrawound Toroidal Helical Antenna (CTHA), which has two helices with uniform pitches and opposite senses and one feeding port as shown in Figure 1, not only has the advantage of being physically small, but also has the advantages of being omnidirectional in multiple axis (isotropic radiator), circularly polarized and scaleable design [7]. With these advantages, the CTHA has promising potentials for wide applications.
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This research studies the impedance variance of the CTHA in the vicinity of a metallic ground plane. Both numerical and experimental results are obtained, compared, and contrasted against the same results for a vertical dipole, a horizontal dipole, and a horizontal loop.



Figure 1 Geometry of the CTHA



3. Objective The primary interest of this thesis is to study the effects of varying the distances between the CTHA and the metallic ground plane on the impedance of the CTHA. The impedance effect of the metallic ground plane on the CTHA is to be compared with that on the other antennas. The reasons for its relative impedance invariance are to be explored. For conducting this impedance study, both numerical and experimental approaches have been employed. The effectiveness of the numerical methods for studying the CTHA’s impedance is to be evaluated.
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4. Methodology Both numerical and experimental approaches have been employed in this impedance study. The numerical methods involved include NEC (Numerical Electromagnetics Code) [11] and XFDTD (X-Window Finite Difference Time Domain) [20]. The measurement of the antenna’s impedance was conducted in an anechoic chamber with the HP8753D network analyzer.



5. Literature Review



1) Antenna Input Impedance As mentioned above, an antenna is a special kind of electrical circuit. Figure 2 shows the Thevenin circuit equivalent of an antenna. The nomenclatures involved in this circuit equivalent are listed in Table 1. The input impedance of an antenna is defined as the impedance presented by an antenna at its terminals or the ratio of the voltage to current at a pair of terminals [8] and is given as



Z A = R A + jX A .



(1-1)



In general, the resistive part of Eq.1-1 consists of two components Rr and RL as indicated in Eq.1-2. The generator and transmission line has internal impedance as expressed in Eq.1-3.



R A = Rr + RL .



(1-2)



Z g = R g + jX g .



(1-3)
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Table 1 Nomenclatures in the Thevenin Circuit Equivalent Term



Definition



Ig



the current in the loop



Pr



the power delivered to the antenna for radiation



RA



the antenna’s resistance at terminals a-b



Rg



the resistance of the generator and transmission line impedance



RL



the loss resistance of the antenna



Rr



the radiation resistance of the antenna



Vg



the peak generator voltage



XA



the antenna’s reactance at terminals a-b



Xg



the reactance of the generator and transmission line impedance



ZA



the antenna’s impedance at terminals a-b



Zg



the internal impedance of the generator
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Figure 2 Equivalent Circuit to a Transmitting Antenna [8] According to the Thevenin equivalent circuit and circuit theory, the current in the system can be expressed as Eq.1-4 and the power delivered to the antenna for radiation can be expressed as Eq.1-5.



Ig =



Vg ZA + Zg



=



Vg ( Rr + RL + Rg ) + j ( X A + X g )
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(1-4)



2



Vg   1 2 Rr Pr = I g Rr =   2 2  ( Rr + RL + Rg ) 2 + ( X A + X g ) 2 



(1-5)



From Eq.1-5, it can be clearly found that the maximum power delivered to the antenna occurs when conjugate matching is reached by satisfying:



Rr + RL = R g ,



(1-6)



X A = −X g .



(1-7)



and



When there is a metallic ground plane in the vicinity of the antenna, the antenna’s impedance ZA will change. That is to say the value of RA, which is equal to Rr+RL, and XA may no longer equal to Rg and –Xg, respectively. Consequently, the conjugate matching of the system will not be satisfied. This will lead to the decrease of the power delivered to the antenna. By studying how the metallic ground plane affects the impedance of the CTHA, it is expected to help to find compensations for maintaining the system matching in the case when there are objects in the vicinity of the CTHA. 2) Related Research Several studies on the impedance effects of adjacent objects on antennas have been conducted. For example, R. C. Babu's "Impedance Calculations for Horizontal Wire Antennas above a Lossy Earth" [9] and Constantain A. Balanis' study of ground effects on an infinitesimal vertical dipole, and a small horizontal loop [8]. But this study is the first effort to study the impedance effects of the metallic ground plane on the CTHA. The conclusions of Babu's study and Balanis' study have provided valuable references for validating the approaches used in this
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research for studying CTHA’s impedance, and also provided guidance for studying the impedance effects of the metallic ground plane on the CTHA. In the Babu’s study [9], the input impedance of a thin cylindrical wire antenna kept horizontally above a lossy earth is calculated by solving the electric field integral equation for the antenna current using the method of moments (MoM). Coupled horizontal wire antennas kept at the same height from the air-earth interface are analyzed by solving the corresponding zero and first phase sequence current integral equations. The input impedance as a function of antenna height (in terms of free space wavelength) from the air-earth interface is shown in Figure 3. "For the finite conductivity of the earth, the impedance of a horizontal antenna is maximum when it is kept closest to the interface; it reaches a minimum as the separation from the interface is increased, and then increases and finally reaches the free space value at large distances from the boundary" [9].



Figure 3 Input Impedance of a Horizontal Wire antenna above the Earth (ε 1r=10.0, σ1=1.0x10-3S/m) [9]
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Babu’s study has disclosed that the antenna’s resistance and reactance change as a function of the distance between the antenna and the ground plane relative to the free space wavelength. In this study, the function of the resistance and reactance of the CTHA has been studied. In the Balanis’ study [8], the impedance change of an infinitesimal vertical dipole and a small loop placed a height above a homogeneous lossy half-space has been compared to the impedance in free space radiation. The relative resistance change is expressed as Eq.1-8 and the relative reactance change is expressed as Eq.1-9. ∆R / R0 = ( R − R0 ) / R0



(1-8)



∆X / R0 = ( X − X 0 ) / R0



(1-9)



Graphical illustration of the relative impedance change of the infinitesimal vertical dipole is shown in Figure 4, and that of the small loop is shown in Figure 5. Balanis’ results indicate that the antennas’ relative impedance change decreases along spiral curves when the distance between the antenna and the lossy ground increases. When the distance tends to be infinity, the relative impedance change tends to be zero. This approach provides a combined consideration on both the resistance change and the reactance change. In addition, it references the impedance change to the free space impedance, which makes the impedance effects comparable among different antennas at different frequencies. In this impedance study, this analysis method has been extensively used on studying the impedance effects of the metallic ground plane on the CTHA.



9



Figure 4 Vertical Electric Dipole Impedance as a Function of Height above a Homogeneous Lossy Half-Space [8,10]
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Figure 5 Vertical Magnetic Dipole (or small Horizontal Loop) Impedance Change as a Function of Height above a Homogeneous Lossy Half-Space [8,10]
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Chapter 2 Modeling with NEC for Impedance Study For studying the impedance effects of a metallic ground plane on the CTHA, a 3ftx3ft metal plate was modeled at a distance beneath a horizontal CTHA. In order to validate the effectiveness of NEC in impedance calculation, the 3ftx3ft metal plate has also been modeled under a vertical dipole, a horizontal dipole and a horizontal loop.



1. Introduction of NEC The Numerical Electromagnetics Code (NEC) is "a computer program for analyzing the electromagnetic response of antennas and scatterers. The code is based on the numerical solution of integral equations by the method of moments; it combines an electric-field integral equation for modeling thin wires with a magnetic-field integral equation for closed, perfect conducting surfaces" [11]. NEC provides two options for modeling a conducting surface, namely wire-grid and surface patch. Modeling conducting surfaces with the wire-grid feature applies the equivalent of a solid conducting surface to a grid having sufficiently small mesh size. According to the description in [11], the segment length of wire should be less than 0.1λ (λ is the wavelength), and the circumference of wire segment should be less than the separation of wires. This can be used to model thin plates, open shells, and finitely conducting surfaces. Modeling conducting surfaces with the surface patch option uses the magnetic field integral equation. It is restricted to closed surfaces with a non-vanishing enclosed volume. However, results from modeling a thin reflection surface with surface patch turn out to be quite close to the experimental results, as shown in Chapter 4. For evaluating the accuracy of NEC results, wire-grid, closed patch surfaces
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and thin plate composed of surface patch have been used to model the 3ft x 3ft metal plate separately.



2. Modeling for Metal Plate Study The metal plate study is set up as shown in Figure 6. A horizontal CTHA (details as shown in Figure 1) is placed with its major radius parallel to the plate; a vertical dipole is placed with the wire perpendicular to the plate; a horizontal dipole is placed with the wire parallel to the plate and also parallel to two sides of the plate; and a horizontal loop is placed with its radius parallel to the plate. All antennas have been centered to the center of metal plate.



(a) Horizontal CTHA
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(b) Vertical Dipole



(c) Horizontal Dipole



(d) Horizontal Loop Figure 6 Antennas above a 3ft x 3ft Metal Plate



The NEC cards for modeling the antennas over a 3ft x 3ft metal plate have been shown in Appendix A. The geometry specifications of the antennas are listed in Table 2.
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Table 2 Specifications of Antennas CTHA



Dipole



Loop



Major Radius



0.02667 m



-



0.04978 m



Minor Radius



4.7 mm



-



-



Wire Radius



0.36 mm



1.016 mm



0.5206 mm



Wire Length



0.376 m+0.378 m



0.1435 m



0.313 m



Number of Turns



10



-



1



Crossing



Top



-



-



6



-



-



Feed Type



The plain surface generator for generating geometry cards for modeling surfaces with a wiregrid and a surface patch is programmed with Visual Basic. A brief introduction of the function of the generator is in Appendix B. To move the antennas along the Z-axis and rotate the vertical loop to horizontal by 90° around the X-axis, a "GM"—coordinate transformation card, is used. The distance between the antenna and the plate is measured from the bottom of the antenna to the plate. For each antenna, 20 different distances are calculated. The distances from the bottom of the antenna to the metal plate and the corresponding distances from the feed point of the antenna to the metal plate are listed in Table 3. For most antennas, the testing frequency is around 1 GHz, this corresponds to a free space wavelength of 300 mm. Variable steps have been chosen for different distance ranges due to that the closer the antenna to the plate, the more its impedance changes.
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Table 3 Distances from the Antennas to the Metal Plate Used for Impedance Study (mm) Bottom to Plate



Feed Point to Plate Hori. CTHA



Vert. Dipole



Hori. Dipole



Hori. Loop



1



11



73



2



1.5



5



15



77



6



5.5



10



20



82



11



10.5



15



25



87



16



15.5



20



30



92



21



20.5



25



35



97



26



25.5



30



40



102



31



30.5



35



45



107



36



35.5



40



50



112



41



40.5



50



60



122



51



50.5



60



70



132



61



60.5



70



80



142



71



70.5



80



90



152



81



80.5



100



110



172



101



100.5



130



140



202



131



130.5



160



170



232



161



160.5



190



200



262



191



190.5



220



230



292



221



220.5



250



260



322



251



250.5



300



310



372



301



300.5
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3. Numerical Result



1) Vertical Dipole over 3ft x 3ft Metal Plate For a vertical dipole, three kinds of surfaces have been modeled, wire-grid, thin patch surface and closed patch surfaces. I. The wire grid surface is constructed as a square mesh of segments. For accuracy, a mesh size of 30.5 mm is chosen, which is about 0.1λ. The wire radius of the wire-grid is 4.775 mm, which agrees with the rule for wire modeling [11]:



2πr = ∆ .



(2-1)



A total number of 1,860 wire segments are used to model the 3ft x 3ft metal plate. II. The thin patch surface is constructed with the square patch element. A total number of 400 (20x20) patch elements are used to model the metal plate. The individual area of each patch is 2.09E-3 m2, which is less than 3.6E-3 m2 (0.04λ2) required for accuracy [11]. The normal vector of each patch element points upward. III. Closed patch surfaces are made up of six thin patch surfaces as illustrated in Figure 7. All patch elements involved have the same size and shape. The normal vector of each element is directed outward. A total number of 880 elements are used.
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Figure 7 Closed Patch Surfaces IV. Results The results of the relative impedance change calculated for the different surface models have been plotted in Figure 8. It has been plotted the same way as Figure 4. The horizontal axes correspond to ∆R/R0, while the vertical axes correspond to ∆X/R0. By comparing the curves on these figures, it can easily be seen that the NEC result with the thin patch surface model agrees better with Figure 4, which is based on the numerical results obtained by Vogler and Noble [12]. Both indicate that as the distance between the antenna and the conducting surface increases, the relative impedance change decreases along a spiral curve, which is shrinking towards the origin. In Figure 4, value of Ψ depends on the value of conductivity and permittivity of the conducting surface. It means that the gradient of the spiral curve varies with different kinds of conducting surfaces in the vicinity. It provides a reason for the difference between the spirals on (b) of Figure 8 and Figure 4.
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0.6 h=1mm



Relative Reactance Change



0.5 0.4 0.3 0.2 0.1 0 -0.2 -0.1



0



-0.2



0.2



0.4



0.6



0.8



1



h=30mm (about 0.1x wavelength)



-0.3



Relative Resistance Change



(a) Surface Model with Wire-Grid



0.2 Relative Reactance Change



h=1mm 0.1



0 -0.1



0



0.1



0.2



0.3



0.4



-0.1 h=30mm (about 0.1x wavelength) -0.2 Relative Resistance Change



(b) Surface Model with Thin Patch Surface
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0.5



0.6



Relative Reactance Change



0.2 h=1mm 0.1



0 -0.1



0



0.1



0.2



0.3



0.4



0.5



0.6



-0.1



-0.2



h=30mm (about 0.1x wavelength) Relative Resistance Change



(c) Surface Model with Closed Patch Surfaces Figure 8 Relative Impedance Change of the Vertical Dipole over the 3’ x 3’ Metal Plate Modeled with Different Surface Elements The time spent calculating each point on the curve varies among different models. The wire-grid model takes about 1,360 sec, the 20x20 thin patch model takes about 94 sec, and the closed patch surfaces model takes about 956 sec. Considering that there is always a compromise between the calculation time and the accuracy, various numbers of patch segments have been used for modeling the thin patch surface. Figure 9 illustrates the results from discretizing the 3ft x 3ft plate by 10x10, 20x20, and 40x40. The calculation of each point on the curve takes 3.7 sec for 10x10, 94 sec for 20x20, and 11,697 sec for 40x40. The result from the 20x20 agrees well with that from the 40x40, while saving quite a significant amount of time. Consequently, the 20x20 patch segment was chosen to model the metal plate for this study.
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Relative Reactance Change
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0.6



Relative Resistance Change



Figure 9 Vertical Dipole Numerical Results for Different Plate Discretization



2) Horizontal Dipole over 3ft x 3ft Metal Plate The horizontal dipole is modeled to be over a 20x20 thin patch surface. Its resistance and reactance change as the height of it over the metal plate varies. Figure 10 exhibits its resistance and reactance in a function of the height relative to the free space wavelength. The numerical result of its relative impedance change is shown in Figure 17 in Chapter 4. 120 R
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Figure 10 Input Impedance of Horizontal Dipole in a Function of Relative Height
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Figure 10 and Figure 3 have extremely similar contours, except that the reactance curve in Figure 10 crosses the horizontal axis because the impedance is calculated at its resonance frequency, while Figure 3 shows the result at a frequency other than resonance frequency. Both figures indicate that as the height of the horizontal dipole over the conducting surface increases, both its resistance and reactance oscillate around the value of free space impedance, namely 72 ohms of resistance, and 0 ohms of reactance. The amplitude of oscillation decreases as the height increases. 3) Horizontal Loop over 3ft x 3ft Metal Plate The NEC result for the relative impedance change of the horizontal loop over a 20x20 thin patch surface model is illustrated in Figure 19, and the loop’s resistance and reactance as a function of the relative height to the free space wavelength is plotted in Figure 20 in Chapter 4. 4) Horizontal CTHA over 3ft x 3ft Metal Plate Only the wires of CTHA have been modeled; the core material made of high density polyethylene, on which the wires are wound, could not be modeled with NEC, because it does not provide the function for modeling a core material with a dielectric constant other than one, which corresponds to air. However, it is possible to model different grounds with different material properties. Using feed 6 [13], CTHA is not naturally matched. Consequently its impedance change has rd been studied at a high resistance resonance frequency (3 resonance), a low resistance resonance



frequency (4th resonance), and off the 3rd resonance frequency when resistance is about 50 ohms. The results of the relative impedance change are shown in Figure 21 in Chapter 4. Figure 22 illustrate its resistance and reactance as a function of relative height to the free space wavelength.
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Table 4 Free Space Frequencies and Impedance of the CTHA in NEC Analysis 3rd Resonance



off 3rd Resonance



4th Resonance



Frequency (MHz)



917.21



937.5



1215



Resistance (ohms)



35843



51.05



0.456



Reactance (ohms)



17.4



-1345.8



0.636



4. Summary This chapter has primarily described the modeling of antennas above metal plates with NEC. The results for different models have been analyzed and compared with references. From the above discussion, the following points can be made: •



The thin patch surface is a reasonable approach for modeling the metal plate in this impedance study. Instead of representing the current flowing on the surface by the current flowing in the wires of a mesh, it represents the current as flowing on the surface in two orthogonal directions on square flat patches. The surface patch gives a more accurate representation of a surface, especially for near-field quantities, than a wire mesh because it directly models the surface and there are no problems relating to equivalence of the sort mentioned for wire meshes [14]. For calculation of the input impedance of the antennas, closed patch surfaces have not displayed much more accuracy than thin patch surfaces while taking about ten times more time to solve.



•



By comparing the results given by NEC with the results of related research, it is evident that the NEC results provide a reasonable prediction of the impedance change as the distance between the antenna and the metallic ground plane changes.
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•



From the numerical results, it could be found that the relative impedance change of the horizontal CTHA follows the similar spiral curves as the vertical dipole, the horizontal dipole, and the horizontal loop. It decreases as the distance between the CTHA and the metal plate increases.



•



For the same object in the vicinity of an antenna, its effect on the impedance of different antennas is different. Further comparison of the impedance effect on different antennas will be discussed in Chapter 6.
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Chapter 3 Measurement of Antennas’ Input Impedance In Chapter 2, the NEC modeling and results for the 3ft x 3ft metal plate study have been discussed. To further evaluate the accuracy of the NEC results, the measurements of the antennas’ impedance have been conducted and the NEC results will be compared with the experimental results in Chapter 4.



1. Introduction of Equipment



1) Anechoic Chamber Above discussion has indicated that objects in the vicinity of an antenna affect the input impedance of the antenna. Generally, the impedance change is a combined result of the interaction of different objects. In order to understand this effect, it is of primary importance to study the effect of each object separately. The metal plate experiment is designed to study the effect of a metal plate on the input impedance change of antennas. To screen out the influence by the ground and other adjacent objects, an anechoic chamber is used for the experiment. An anechoic (no echo) chamber is constructed by completely covering all room surfaces with absorbing material. "The philosophy is to provide a nonreflecting environment like in outer space, but with the distinct advantage that the room provides shielding from all of the external electromagnetic noise and interference (natural and man-made)" [15]. The Center for Industrial Research Applications (CIRA) at West Virginia University has constructed an anechoic chamber to measure antenna characteristics in free space conditions. The dimensions of the chamber are 8ft x 8ft x 18ft wooden box with 1 ft thick foam cones, resulting in a cone tip-to-tip distance of 6ft x 6ft x 16ft. The walls are covered with EHP-12
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wedge absorber material supplied by RANTEC (the properties of the absorber material are shown in Appendix C). Figure 11 shows the inside view of the WVU anechoic chamber. As indicated in Pertl’s report about the validation of the anechoic chamber [16], the effectiveness of the chamber for simulating a free space environment is acceptable when operating at a frequency above 900 MHz.



Figure 11 3’x3’ Metal Plate under the CTHA inside the CIRA Anechoic Chamber 2) HP 8753D Network Analyzer The HP 8753D option 011 is a high performance vector network analyzer for laboratory or production measurements of reflection and transmission parameters [17]. It provides combined digital signal processing and microprocessor controls for easy operation and measurement improvement. It is selected to measure the input impedance of antennas for the metal plate study. The measurement results of the HP 8753D could be stored in three kinds of format: raw data, data (raw data with error-correction applied), and format (data processed to the display format).
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The raw data array has the least amount of processing associated with it, while the format array is the result after corrections, electrical delay, and other processings. In this experiment, the Port Extension function is applied to calibrate out the SMA connector of antenna (details are discussed in part 4 "Measurement Calibration"). This function involves electrical compensation, so the format data is used. Within the format data file (".F1" for channel 1 or ".F2" for channel 2), the impedance results are stored in real and imaginary data pairs (Re and Im). For interpreting the real and imaginary data pair into resistance and reactance, the following formula is applied:



Resistance = (1 − Re 2 − Im 2 ) /((1 − Re) 2 + Im 2 ) × Z 0



(3-1)



Reactance = ( 2 × Im) /((1 − Re) 2 + Im 2 ) × Z 0



(3-2)



where Z0, the characterized impedance of the system, is 50 ohms in this experiment. 3) Setup of the 3ft x 3ft Metal Plate Study The setup of the test is as shown in Figure 11, Figure 12 and Figure 13. The central axis of the metal plate crosses the center of the antenna being tested. The level of the plate was checked before the start of the tests, and it was maintained through keeping the same length of the four pieces of strings hanging the plate throughout the tests. For testing all the antennas, impedance measurement started from the smallest distance (1 mm). The distance between the antenna and the metal plate is increased through loosing the strings controlled outside the anechoic chamber. Each antenna was connected to a coax cable through an SMA connector. The coax cable connected the antenna inside the anechoic chamber with the network analyzer outside the chamber.
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Anechoic Chamber Coax Cable



Network Analyzer



Figure 12 Picture of the Testing Site



Figure 13 Diagram of the Setup of Impedance Measurement



4) Measurement Calibration In this metal plate experiment, the antenna input impedance is measured. However, the unknown impedance is inevitably connected to the measurement device with a length of cable. The actual impedance being measured is not the unknown impedance—it is the impedance of the
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connection cable that is terminated in the unknown impedance [18]. To measure only the desired unknown impedance of the antennas, the connection cable needs to be calibrated out. "Measurement calibration is an accuracy enhancement procedure that effectively removes the system errors that cause uncertainty in measuring a test device. It measures known standard devices and uses the results of these measurements to characterize the system" [17]. When the calibration includes the connection cable as a part of the measuring system, the cable can be calibrated out as desired. The known standard device used to calibrate the measuring system in this experiment is an HP85033D 3.5mm female calibration kit. The frequency range of 400 MHz to 1.6 GHz was selected (the frequency range of the instrument is from 30 KHz to 6 GHz), and 1601 points were set within this range. Considering that antennas are generally used without connectors, and that the numerical models discussed above exclude the SMA connector used to connect the test antennas to the connection cable in this experiment, the Port Extension feature of the network analyzer has been applied. This feature compensates for the phase shift of the extended measurement reference plane due to the SMA connector so that the effect of the SMA connector on the antenna’s impedance measurement can be canceled out.
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Figure 14 Measured Free Space Impedance of a Half-Wave Dipole Figure 14 shows the measured free space impedance of a half-wave dipole with and without the Port Extension. From the results, no crossing could be found on the reactance curve with the zero-axis without activating the Port Extension. In other words, no resonance is detected around the designed working frequency. This result does not agree with common knowledge about halfwave dipoles. Consequently using the Port Extension to cancel out the effect of the SMA connector on the measurement result of antenna impedance is necessary.



2. Experimental Results The antennas modeled in Chapter 2, the vertical dipole, the horizontal dipole, the horizontal loop, and the horizontal CTHA, have been tested. The experimental results are shown in Chapter 4. The frequencies are selected for the impedance change study according to the free space measurement result so that the impedance study will focus on the case that antenna is at or close
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to resonance. Table 5 lists the free space frequencies and impedance at the frequencies for both the numerical calculations and the experiments. Table 5 Free Space Frequencies and Impedance Numerical Calculation by NEC



Experiment



Freq.



R



X



Freq.



R



X



(MHz)



(ohms)



(ohms)



(MHz)



(ohms)



(ohms)



Vert. Dipole



971



71.89



-0.01



994.75



67.24



0.14



Hori. Dipole



971



71.89



-0.01



994.75



68.71



-0.08



Hori. Loop



1035



142.92



0.02



1026.25



131.61



0.32



917.21



35843



17.4



739



575.17



10.38



937.5



51.05



-1345.8



841



49.7



-147.8



1215



0.46



0.64



952



1.35



-0.27



CTHA 3rd Resonance CTHA R~50ohms CTHA 4th Resonance



Table 6 Percentage Difference of Numerical Result to Experimental Result Relative Error



Frequency



Resistance



Reactance



Vertical Dipole



-2.4%



6.9%



*



Horizontal Dipole



-2.4%



4.6%



*



Horizontal Loop



0.85%



8.6%



*



24%



6100%



*



CTHA R~50ohms



11.5%



**



-810%



CTHA 4th Resonance



27.6%



-66%



*



CTHA 3rd Resonance



* For resonance evaluation, taking both experimental and numerical result of reactance as 0 ** For R~50ohms, taking both experimental and numerical result of resistance as 50ohms. From Table 6, it can be seen that the measurement parameters of the vertical dipole, horizontal dipole, and horizontal loop are close to their numerical results. But the numerical
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results of CTHA are different from the measurements because the high-density polyethylene core of CTHA could not be modeled with NEC. The result indicates that the core material of CTHA significantly affects the input impedance of the CTHA.



3. Error Analysis of Impedance Measurement •



Measuring Error of HP8753D Network Analyzer For measurement in the range of 400 MHz to 1.6 GHz with 1,601 points, the accuracy of the resonance frequency is ±0.4 MHz. The precision of the measurement with the HP8753D network analyzer also depends on the specifications as shown in Appendix D.



•



Error of Distance Measurement The distance between the antenna and the metal plate is measured with measuring tape. Its accuracy is ±0.5 mm. Considering the error with the flatness of the plate and the shape error with the antennas, the overall error with distance measuring is ±1 mm



•



Fabrication Error with Antennas All the antennas are hand-made. Error could result from the length of wire (±0.5 mm), soldering between the antenna and the SMA connector, and shape irregularity.
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Chapter 4 Comparison of NEC and Experimental Results 1. Introduction Chapter 2 and Chapter 3 discussed the study of the impedance effects of the 3ftx3ft metal plate on the CTHA and some other antennas by numerical approach and experimental approach, respectively. This chapter compares the NEC and experimental results. With the development of computer technology, calculation speed and computer memory have been greatly improved, which allows extensive application of a computerized analytical method. NEC is one of the more recently developed programs for analyzing the electromagnetic response of antennas and scatterers. The computerized analytical method can be used to analyze not only ready-made designs, but also the future designs. If the results of the method are demonstrated to be close to reality, new designs can be optimized or evaluated numerically, saving time and money when generating ideal designs. With this consideration, the accuracy of the NEC results is evaluated by comparing the numerical results with the experimental results.



2. Vertical Dipole As can be seen from Figure 15 and Figure 16, the NEC results for the vertical dipole agree well with the experimental results. The standard deviations of the numerical results to the experimental results calculated as Eq. 4-1 are 6.6 ohms and 1.8 ohms for resistance and reactance, respectively. The correlation coefficients calculated as Eq. 4-2 are 0.99 and 0.95 for resistance and reactance, respectively.
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n



Standard Deviation =



∑ ( N i − Ei ) 2 i =1



,



n



(4-1)



1 n ∑ ( N i − N )( Ei − E ) n , CorrelationCoefficient = i=1 σN σE



(4-2)



n



N = ∑ Ni ,



(4-3)



i =1 n



E = ∑ Ei ,



(4-4)



i =1



According to the theory of data fitting [19], the closer to 1 the correlation coefficient is, the better the two sets of data fit each other. The correlation coefficients of the resistance and reactance of the vertical dipole demonstrate that the numerical results for the vertical dipole fit well with the experimental results. 0.2
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Figure 15 Relative Impedance Change of the Vertical Dipole
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Figure 16 Resistance and Reactance of the Vertical Dipole as a Function of the Relative Height



3. Horizontal Dipole Figure 17 indicates that the relative impedance change of the horizontal dipole given by NEC follows the same trend as the experimental results except that when the height is less than 20mm (about 0.06λ). The standard deviations of numerical results to experimental results are 19.6 ohms and 9.3 ohms for resistance and reactance, respectively. Taking out the obviously skewed points, which correspond to the distances less than 20mm, the standard deviations are 8.7 ohms for both resistance and reactance. The correlation coefficients without the skewed points are 0.79 and 0.87 for resistance and reactance, respectively. From the curves and the correlation coefficients, it is evident that the numerical results for the horizontal dipole do not fit the experimental results as well as they did for the vertical dipole. However, comparing the impedance of the vertical dipole with that of horizontal dipole, it is obvious that horizontal dipole’s impedance is more variant as the height changes. It means the inaccuracy of the distance measurement may result in a larger error in the experimental results for the horizontal dipole.
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Figure 17 Relative Impedance Change of the Horizontal Dipole
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Figure 18 Resistance and Reactance of the Horizontal Dipole as a Function of the Relative Height



4. Horizontal Loop Comparing Figure 19 with Figure 5, the similarity between the spirals can be observed. Comparing the NEC results with the experimental results shows that they agree with each other very well except when h 
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