Chapter 15

Computer Programs for Impedance Matching

Sec 15.1  Introduction

     This chapter was written to provide computer assistance in solving impedance-matching problems and for transforming transmission-line terminal impedances from one end of the line to the other. The chapter contains listings of nine programs written in the BASIC language. These programs will enhance your enjoyment of experimenting with impedance-matching circuitry.

     Five program listings relate to the design of T and pi networks, two of which include network input impedance versus frequency, and the resulting frequency response of the network. One additional program calculates transmission-line constants using data obtained from measurements made on the line. The three remaining programs transfer a known complex impedance from one end of a line to the other. The impedance-transformation calculations include the effect of line attenuation.  With the detailed instructions provided here, these program listings should be helpful and easy to use. Two program listings for hand-held calculators are also included.

Sec 15.2  Designing T and Pi Matching Networks

     T.BAS is listed as Program 1.  This program is for designing or analyzing T networks, using the conventional equations appearing in Chapter 14. The prompts ask for the input and output resistances to be matched, and the Q of the output L section. The screen output yields the Q of the input L section, and the reactance values of the components. The configuration can be either C-L-C or L-C-L. If it is desired to calculate using input Q instead of output Q, simply reverse the input and output resistances at the prompts, and then reverse the input and output series reactances when reading the screen output. The value of Q shown in the input Q column is the output Q.

     PI.BAS, Program 2, is for designing pi networks, also using the same conventional equations from Chapter 14. As in the T network, the configuration can be either L-C-L or C-L-C. However, if the network is for a final-amplifier tank circuit, the configuration must be the low-pass C-L-C configuration to obtain the desired harmonic rejection. In this program, the input Q is called for in the prompts. However, if you desire to calculate using the output Q, the same reversal technique described for the T network will yield the desired results.

     The third and fourth network programs are listed as Program 3, T-CLC.BAS, and Program 4, T-LCL.BAS.  Both programs are for designing and analyzing T networks using the conventional equations, but with two added bonuses: calculation of the input impedance of the network versus frequency, and frequency response of the network in decibels. T-CLC.BAS is for the C-L-C configuration, and T-LCL.BAS is for the L-C-L configuration. Both configurations yield the same component values of reactance.  But because the C-L-C circuit is a high-pass filter and the L-C-L is low pass, the network input impedances are different, as are the frequency responses. These two programs were used to calculate the input impedances and frequency responses of the two T networks shown in Figs 4 and 5 in my Technical Correspondence item, "Wave Reflections in Attenuators, Filters, and Matching Networks," QST, November 1981 (included here as Figs 16-2 and 16-3). However, I want to point out a printing error in the QST article--the frequency response data in Table 1 goes with Fig 5, and that of Table 2 goes with Fig 4. This correction appears in "Feedback," QST, February 1982.

     The capability of a computer program to produce frequency response data is significant; this enables us to determine the amount of harmonic rejection available with various values of Q in a network designed to provide a perfect match between the source and load at the fundamental frequency. So now you might ask, "What is the importance of knowing the input impedance of the network?" It is significant, because the key to harmonic rejection is mismatch. The network is designed to provide a match for delivery of the maximum available power, but only at the fundamental frequency.  This is shown in Tables 16-1 and 16-2 as a perfect match only at the normalized frequency, f = 1. At all other frequencies, the input impedance is mismatched to the source, and the greater the difference in frequency relative to the fundamental f = 1, the greater the mismatch. Hence, the greater is the rejection of off-frequency power. Thus, the attenuation curves in Figs 16-2 and 16-3 are the direct result of the degree of mismatch occurring at each off-resonant frequency listed in the input-impedance tables. Note the dramatic difference in the attenuation of the high frequencies between the C-L-C and L-C-L configurations, as pointed out in Chapter 14. Further discussion appears in Chapter 16.

     The last network program listing, Program 5, is W5FD.BAS.  This program is for pi networks in which the total operating Q (QO) is used in the calculations. This program uses equations derived by Wingfield, W5FD (Ref 74), to yield exact values of reactance using QO. It is especially important to use this program when the ratio of input to output resistances is less than 10, as explained in detail in Chapter 14.

Sec 15.3  Antenna Impedances From Measured Line-Input Impedances

    Now we come to what for me is the most exciting and challenging aspect of impedance-matching exercises--the rapid transforming of complex impedances from one end of a transmission line to the other. It is exciting because the almost instantaneous calculation, either by computer or hand-held calculator, makes it practical to obtain antenna-terminal impedances covering a wide range of frequencies that would be impractical and too time consuming to perform manually on the Smith Chart. I'm referring to the determination of the resistance and reactance components of antenna terminal impedances at many frequencies across a band.  These impedances are obtained by measuring impedances at the input of the feed line, and then transferring the measured impedances through the line to the antenna. It is challenging to obtain antenna-terminal impedance data that is sufficiently close to reality to be satisfying and rewarding. To do so requires an understanding of transmission-line principles, some math, the ability to take measurements with a good degree of precision, and the availability of impedance-measuring equipment that obtains acceptable precision in the measurement data.

     With respect to the measuring equipment, I'm thinking in terms of RF bridges in the same league as the General Radio 1606-A impedance bridge. Perhaps there are noise bridges that have the precision required to obtain sufficient measurement accuracy, but at present I don't know of any that are qualified. So if you have access to the proper equipment and have the desire to learn the impedance at the antenna terminals instead of just the line SWR, the computer listings that follow should give you a lot of pleasure. Tables 15-1 through 15-5, along with Fig 15-1, are examples of information you can obtain with these programs.  So are Tables 20-1 through 20-5 and Figs 20-1 through 20-3.

Sec 15.3.1  Calibration of the Feed Line

     To measure the terminal impedance of an antenna with acceptable accuracy requires that the measuring equipment be located at a sufficient distance from the antenna so as not to distort the RF field surrounding it. Hence, a feed line is required. To obtain a mathematical solution to the problem of transferring an impedance measured at the input terminals of the feed line to the impedance at its load terminals first requires calibration of the feed line. For the calibration, we need to know the true, measured characteristic impedance ZC of the line--not just the nominal value of 50 or 75 ohms as listed in the manufacturer's catalog. We also need to know the electrical length and attenuation of the line. These calibration data are obtained by first making short-circuit and open-circuit impedance measurements on the feed line alone, that is, measuring the impedance at the line input with the far end terminated first in a short circuit, and then in an open circuit.  Then the measured data is processed with TRANSCON.BAS, Program 6.  This program yields characteristic impedance ZC, the electrical line length, and the line attenuation. An equivalent program listing for Hewlett-Packard hand-held calculators is appears near the end of this chapter as Program HP1.  When you run the computer program, supply the measured short- and open-circuit resistances and reactances at the prompts.

     The short-circuit impedance measurement (ZSC) and the open-circuit measurement (ZOC) should be made on frequencies at which the electrical length of the feed line is fairly close to odd multiples of (/8. Frequencies that make the line length close to (/8 and  3(/8 are preferable for obtaining the best accuracy. For a detailed discussion on this subject, refer to Ref 70, p 134.

     For verification that the calibration data is accurate at the antenna operating frequencies, measurements should also be made at frequencies of two successive odd multiples of (/8 bracketing the antenna frequencies. The reason for using lengths that are multiples of (/8 is that at these lengths the ZSC and ZOC measurements yield reactances XSC and XOC that are of similar magnitude, and are nearly equal to ZC. Acceptable accuracy will be obtained if the ratio between XSC and XOC does not exceed 3:1. However, the resistance components RSC and ROC will be very low, with typical values as shown in Table 15-1, a feed-line calibration data printout from TRANSCON, Program 6. The lower these resistance values, the lower the line attenuation. The resistances would be zero on lossless line.

     Mathematically, line reactance XSC = ZC tan l, and XOC = ZC cot l on lossless line, where l is the electrical line length.  However, the measured values will differ slightly on real lines with attenuation. Note that XC equals ZC when l is (/8 (45°), because tan 45° = 1. An approximate value of ZC may be found from the expression ZC = 
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. TRANSCON (Program 6) yields the exact value of ZC because the program includes the effect of resistances RSC and ROC resulting from line attenuation.

     A short explanation at this point concerning the sign of the reactances XSC and XOC may be helpful. A short-circuited line shorter than (/4 is inductive, a positive reactance. An open-circuited line shorter than (/4 is capacitive, a negative reactance. Adding a (/4 section to lines shorter than (/4 reverses the sign; inductive becomes capacitive, and vice versa. Therefore, short-circuited lines of lengths greater than (/4 but less than (/2 are capacitive, and open-circuited lines greater than (/4 but less than (/2 are inductive. Adding (/2 to any length of line will not change the sign of the reactance, because, as we learned earlier, a (/2 line simply repeats the impedance seen at its load. Knowledge of these facts will assist in understanding the results of your measurements. Note that the values and signs of the data entered for the XSC and XOC reactances appearing in Table 15-1 conform with the facts just outlined. Additional discussion on the circuital effects of shorted and open-circuited lines may be found in The ARRL Antenna Book (Ref 71, p 24-11).
     We'll now examine the various data appearing in Table 15-1.  The values shown there are typical.  They result from open- and short-circuit impedance measurements on 41 feet of RG-214 coax plus a commercially made W2DU HF balun1.  Real transmission lines have attenuation loss, so the characteristic impedance ZC of real lines has a reactance component (negative), as well as the resistance component. This information, shown in the second and third columms in the table (ZC), is in polar form. Moving to the right, we see the electrical line length in degrees, followed by the line attenuation in dB at the measurement frequency. However, for use with the impedance transformation programs to be described shortly, we need the data converted to line length per MHz (PHI) and attenuation per square root of MHz (A).  Using this data during the impedance transformation the program multiplies PHI by the frequency of each antenna measurement, and multiplies A by the square root of each measurement frequency, so we have the resulting TRANSCON line-length and attenuation values corrected for each antenna-measurement frequency.

     When collecting data, it is customary to take several measurements, rather than a single one, so that each measurement provides an accuracy check on the others. In this way, we can spot a wild error that might otherwise go unknown and cause much distress later. TRANSCON has an elegant way of spotting measurement errors. If our measurements were perfect, with zero error, all values in the PHI column in Table 15-1 would be identical for all frequencies of measurement. And so would the values of A. Hence, a substantial deviation in either of these two columns indicates either a measurement error or an equipment malfunction. However, note in the table that the difference in the values appearing in those two columns is very small, indicating good agreement between the successive measurements of ZSC and ZOC, even with large differences in measurement frequency.

     Values of length per MHz, PHI = 23.7°, attenuation per square root of MHz, A = 0.082 dB, and the characteristic impedance, ZC = 49, obtained using program TRANSCON (as shown in Table 15-1), are the feed-line calibration data used in transforming impedances from one end of the transmission line to the other.  Programs for this purpose are described in the next section.

Sec 15.3.2  Transmission-Line Impedance-Transformation Programs

     LINTRNSM.BAS, LINTRNSA.BAS, and WRITE.BAS (Programs 7, 8 and 9), compute the unknown impedance appearing at one end of a transmission line when the impedance at the opposite end is known. The programs also yield the reflection coefficient and SWR at both ends of the line. The programs have built-in compensation to correct for the changes in electrical length and attenuation with changes in the frequency of the impedance measurements. The programs compute using the basic hyperbolic transmission-line equation shown in the heading box in the program listings. With LINTRNSM (the final letter M for manual), the impedance at a given frequency appearing at one end of the line is entered one line at a time from the keyboard, and the output is immediately sent to the screen and printer. With LINTRNSA (the final letter A for automatic), multiple impedance and frequency data are taken from a data file, and the calculated data outputs are automatically sent to the screen and printer, line by line in columnar form. Both programs operate from prompts.

     Before using the impedance-transformation programs, you will need to determine the electrical length, attenuation, and characteristic impedance ZC of the feed line at some frequency f, using the TRANSCON program to calibrate the feed line, as discussed in Sec 15.3.1. The first prompt appearing in the LINTRNSM program asks if the transformation is from the input to the load. Answer y if yes; n means the transformation is from the load to the input. If the answer is n, the program reacts to transform the impedance in the opposite direction. The next prompt asks for PHI, the electrical line length per MHz (from TRANSCON). The next prompt asks for A, the attenuation per square root of MHz. ‘A’ is the dB value appearing in the right-hand column of the TRANSCON calibration printout (see Table 15-1). The program corrects for the electrical length and attenuation at the frequency of each antenna measurement by multiplying PHI times the measurement frequency, and A times the square root of the measurement frequency.

     The next prompt asks for ZC, which is printed out in the TRANSCON calibration printout. The next prompt asks for the frequency f of the first antenna measurement. The next two prompts ask for the measured impedance data, R and X, in that order, after which the program runs. After the calculated data of the first line is printed out, the next prompt asks for the frequency f and the data of the next antenna measurement, and so on. To enter calibration data for a new transmission line, type Control-C and RUN. The prompts will then ask for the new calibration data.

     LINTRNSA runs from a data file you have stored on a disk, which includes the feed-line calibration data and a set of related impedance data at selected frequency intervals. The data file must be configured in the format shown in Table 15-2. The file begins with a text description of the test setup. The text is limited to 255 characters. No carriage returns are allowed until the end of this text description. A carriage return within the text will halt the program. The data begins on the line following the text description, and contains three items of data per line. The first data line contains PHI (the electrical length per MHz), the attenuation factor A (the attenuation per square root of MHz), and ZC (the characteristic impedance of the line), in that order, obtained from the calibration data printout using TRANSCON. Each item of data must be separated by a comma, with a carriage return at the end of the line after the third data item. The second line, and all subsequent lines, each contain the measurement frequency, f, the line-input resistance, RI, and the input reactance, XI, in that order, with the same comma and carriage return sequence as in line 1. Spaces may follow the commas for easier readability of the data entries. The last data line must contain zeros--0,0,0.

     Before you run LINTRNSA, select a file name and configure the test description and data in a disk file as instructed above. The first LINTRNSA prompt asks for the file name of the data file. It then asks if the transformation is from the input to the load. Answer y if yes; n means the transformation is to be from the load to the input. The program then takes the PHI, A, and ZC calibration data from the disk file, followed by the impedance data obtained at all the frequency points measured. The program continues to run until it reaches the last data line, containing the zeros. The format of the data printout is shown in Table 15-3.  The values in this table result from using the input data file illustrated in Table 15-2.  Input data can be seen in the data printout of Table 15-3: descriptive text at the beginning, data line 1 in the feed line calibration section, and data in the remaining lines in the first three columns.

     The printout format of LINTRNSA is the same for LINTRNSM, except that LINTRNSM prints out one line at a time as data is entered from the keyboard. The data in Table 15-3 results from line-input impedance measurements made at frequencies listed in the column headed F. Measured input impedance data are listed in Columns Ri and Xi. RHOi, RHO L, SWRi, and SWR L are the magnitude of reflection coefficient and the SWR values at the line-input terminals and at the load (antenna), respectively. RL and XL are the resistance and reactance components of the dipole antenna impedance obtained by transforming the measured line-input impedance along the line to the antenna.

     As mentioned earlier, the data shown in Tables 15-1 through 15-5, and 20-1 through 20-5, and in Figs 15-1 and 20-1 through 20-3 were obtained using the computer programs TRANSCON and LINTRNSA.  The input data was obtained by measuring 40- and 80-meter antennas at W2DU through a feed line calibrated in characteristic impedance, electrical length, and attenuation, using the procedure described in Sec 15.3.1. The curves in the figures represent raw, unsmoothed data obtained directly from measurements using a General Radio 1606-A RF bridge. The smoothness of these curves attest to the quality of the results that can be obtained when using precision measuring equipment.

     While LINTRNSA prints out the calculated data to hard copy, WRITE.BAS (Program 9) sends the output data to the screen and to a disk file.  When you run WRITE, the program prompts you for the name of the data input file, and then for the name of the file in which you wish to save the calculated data.  From there on, use the same procedure as for LINTRNSA.

Sec 15.4  Programs for Hewlett-Packard Hand-Held Calculators

     If you prefer to use a hand-held calculator instead of a computer for solving the transmission-line problems, two calculator program listings are included that can substitute for the TRANSCON and LINTRNSM computer programs. They are written in reverse Polish notation for Hewlett-Packard calculators. I use HP-15C and HP-34C calculators. Other models may have different register designations than those shown in Programs HP1 and HP2.

     The first is Program HP1, called TRANSMISSION-LINE CONSTANTS.  It yields the same line-calibration data as TRANSCON (except for PHI and A--instead, the total line length and attenuation are yielded). The second, called TRANSMISSION-LINE IMPEDANCE TRANSFORMATION and listed as Program HP2, yields the same data provided by LINTRNSM and LINTRNSA, plus the angles of the reflection coefficient at both the input and output of the line, and the electrical length of the line at the frequency of each impedance measurement.  The listings are written for calculators with twenty registers, ten numbered 0 through 9 and ten more that are accessed by first pressing a decimal point and then numbers 0 through 9.  In the text that follows they are designated as R0 through R9 and R.0 through R.9.

Sec 15.4.1  Program TRANSMISSION-LINE CONSTANTS

     First, review Sec 15.3.1, "Calibration of the Feed Line." Second, load the calculator memory from the program listing. Next, load storage registers R1 through R4 with RSC, XSC, ROC, and XOC in that order, using data from TRANSCON, Program 6 (see Table 15-1), and then run the program. Remember that one of the reactance values must be negative. At the first pause (at program line 19), the line impedance, ZC appears. To check the accuracy of the program so far, compare the reading with the ZC value printed in the TRANSCON calibration printout. Also compare the next two readings with the line attenuation and line length values appearing on the same calibration printout. If there are no program errors, the results will be identical to the values in the printout to at least seven significant figures. It should be noted that the computer and the calculator each run on two completely different algorithms. Because the computer and calculator programs yield identical answers, each answer verifies the other, and the accuracy of both programs is proved.

     The program stops to pause during the run to allow inspection of pertinent data along the way. To continue after a pause press R/S. At the first pause (at program line 19) the characteristic impedance ZC appears. At the second pause (line 75), the line attenuation in dB appears. At the third pause (line 82), the line length l in degrees appears. If the sign of the number is positive and less than 90°, it indicates the correct length of the line if the actual line length lies between 0° and 90°. If the sign of the number is negative, press R/S one more time to add 180° to the reading of l .The resulting number will be positive, and indicates the correct length if the actual line length lies between 90 and 180. Note that the vital line constants that appeared at the pauses remain available because they are stored in the memory registers: ZC in R5, line attenuation in R.2, line length l in R.3, and l + 180° in R.4.

     If the actual line length is greater than 180° ((/2), there is more work to be done. As we know, a (/2 line repeats its load impedance, so the line lengths indicated by the calculator are ambiguous if the line is longer than (/2. Therefore, to obtain the correct reading we must first determine the approximate length in degrees from a physical measurement of the line. To do this, first measure the physical length of the line in feet, and then divide by the decimal value of the velocity factor--0.659 for polyethylene dielectric, 0.695 for Teflon, or 0.775 for foamed polyethylene2. This yields the electrical length of the line in feet, lFEET. At 1 MHz, 360° = 1 ( = 983.57 feet. Now find lf, the length in feet of 360° at the frequency f of the line measurement; lf = 983.57/f. To find the electrical length of the line in degrees, l°, multiply the electrical length of the line in feet by 360 and divide by lf ; l° = (360 ( lFEET)/lf. These calculations yield a length close enough to the true length to learn in which quadrant the real line length lies.

     If the real length lies between 0° and 90°, the correct length is indicated by l° at program line 82. If the real line length lies between 90° and 180°, the length indicated at program line 82 will be negative, and l° + 180° (at line 88) will yield the correct answer. If the actual length lies between 180° and 270°, subtract l° from 180°, observing the sign of l° . If the length exceeds 270°, set up a four-quadrant diagram and draw in a radius line at l° from the reading at program line 82. Next determine which quadrant the real line length falls into from the calculation based on the physical measurement, noting the total number of degrees required to go around the four quadrants. Once you have found the correct quadrant, add 180° as needed to l° to place the corrected l° value in the same quadrant as that obtained from the physical length, and then add 360 to l° for every complete revolution the line length made around the four quadrants.

     After the true electrical length l° has been determined, divide this length by the line-measurement frequency, f, to obtain PHI, the length in degrees per MHz. Next divide the line attenuation ( from register R.2 by 
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 to obtain the attenuation factor A, which is the attenuation per square root of MHz. We now have the required line calibration data--PHI, A, and ZC--to be used with the program TRANSMISSION-LINE IMPEDANCE TRANSFORMATION, in the same manner as the TRANSCON calibration data is used with LINTRNSM and LINTRNSA.

Sec 15.4.2  Program TRANSMISSION-LINE IMPEDANCE TRANSFORMATION

     Before using this calculator program, it will be helpful to become familiar with Sec 15.3.2, the part explaining the computer program LINTRNSM. Although LINTRNSM computes from a different algorithm, it has the same purpose, achieves the same results, and operates from the same line calibration and input data. The algorithm used in this calculator program first converts the known impedance at one end of the line into its complex reflection coefficient, magnitude ( at angle (. It then modifies ( in accordance with line attenuation factor A, the line attenuation per square root of MHz at the impedance measurement frequency f, and it modifies angle ( in accordance with PHI, the line length in degrees per MHz. It then converts the modified values of ( and ( to the unknown impedance Z, appearing at the opposite end of the line. Consequently, as in LINTRNSM, the line length and attenuation are corrected for changes with frequency.

     On lossless lines, magnitude ( is constant all along the line. However, because of line attenuation, ( is smaller at the input end of the line than at the load. Therefore, when transforming a known input impedance to determine the load impedance, input ( is divided by the decimal attenuation factor A to enlarge it. Conversely, when transforming a known load impedance to determine the input impedance, the load ( is multiplied by A to reduce it. Hence, the selection of multiplication or division by A is determined by which direction the impedance transformation is to be made. In LINTRNSM the selection is made at the prompt. In this calculator program the selection is made in the program at line 38. When going from the input to the load, key in division at line 38; when going from the load to the input, key in multiplication. Further, the value of the reflection coefficient angle ( increases when going from the input to the load, and vice versa. So for PHI to apply the proper correction to angle ( for the change in line length with frequency, load +PHI into the storage register R.1 when transforming from the input to the load, and –PHI when going from the load to the input.

     After loading the program into the memory, also load the remaining line-calibration data into storage registers--the attenuation factor A into register R.0, and line impedance ZC into register R0. Next, load fMHz, the frequency of each impedance to be transformed, into register R1. Don't forget to reload the new value of frequency f with each new impedance. To run the program after the value of f is loaded, key in the resistance component R of the impedance to be transformed and press ENTER. Then key in the reactance component X, and execute the program. When execution is completed, the output data will appear at the various storage registers as indicated in the program listing, and as follows: unknown R at register R8, unknown X at R9, input SWR at R.3, load SWR at R.4, input ( at R4, input ( at R5, load ( at R6, load ( at R7, and line length in degrees l° at frequency f at R.2.

     To determine if the program is entered correctly, try it out using data from Table 15-3. Set program line 38 to multiply, and use +PHI. Load the PHI ((), A, and ZC feed-line calibration data, and the f, RI and XI data from any of the lines in the table. After you run the program, the calculator output data should agree exactly with that of the printed computer output data appearing in Table 15-3.

Sec 15.5  Determining Antenna Measurement Accuracy

     In most of the measurements we make on antennas, the accuracy of the results is generally taken for granted within the known accuracy of the measuring device. In some cases, the accuracy of the measuring device is overlooked, or even ignored. However, in the area of quantitative measurement there are often procedures for checking the results to determine whether they are correct, or whether unknown errors in either the measuring device or the measurement procedure are producing answers that are incorrect, or even completely unrealistic. Without some sort of check, one may never know that the results are not what they should be. Fortunately, there is an elegant procedure for determining the accuracy of the measurements when transferring an impedance measured at the input terminals of a feed line to the terminals of the antenna.

     I stated earlier, in the description of the TRANSCON program, that in measuring antenna impedance through a feed line, the electrical length, characteristic impedance, and attenuation of the feed line must be determined before measuring the antenna impedance. Accuracy of the values of these feed-line parameters is of utmost importance. The elegant feature for determining the accuracy of the measurements lies in the fact that any error from incorrect feed-line calibration will become evident if the antenna is measured at least two times, using a different length of feed line during each measurement. If errors exist in the calibration of the feed lines, the maximum divergence of the errors in the resulting antenna impedances will be obtained if the lengths of the two feed lines differ by (/4. In fact, the best spread in the error determination is obtained if one line is (/4 and the other (/2. In other words, the maximum difference in the indicated antenna impedances because of feed-line errors will appear when you measure with these two specific lengths of feed line. The correct value of antenna impedance will then lie somewhere between the two spread values of the impedances obtained with the two different feed lines.

     On the other hand, remember that the true antenna impedance cannot be found with an accuracy any better than that of the impedance-measuring device. So far, I have not become aware of any noise bridges that have the accuracy required to make satisfactory measurements of the type we've been discussing. I hope that RF bridges having the required accuracy, and within an acceptable price range for the amateur, will be available in the future.

     I have included an example of this procedure, shown in the data of Tables 15-4 and 15-5, and in Fig 15-1, which plots the data. The details of the equipment used during the measurements are given below.  The data in Table 15-4 was obtained using a feed line that is (/4 at 3.797 MHz; the feed line in Table 15-5 is (/2 at 3.782 MHz, close enough in frequency to obtain the desired results.

For Table 15-4

     125-foot W2DU 80-meter dipole, height 40 feet. Feed line: (/4 at 3.797 MHz, calibrated RG-214 plus W2DU HF balun. RF bridge: General Radio 1606-A. Receiver: Kenwood TS-530S. Signal generator: Boonton 250A RX Meter.

For Table 15-5

     125-foot W2DU 80-meter dipole, height 40 feet. Feed Line: (/2 at 3.782 MHz, calibrated SF-214 plus W2DU HF Balun. RF bridge: General Radio 1606-A. Receiver: Kenwood TS-530S. Signal generator: Boonton 250A RX Meter.

     Compare the values of antenna terminal resistance RL and reactance XL of Table 15-4 with those appearing in Table 15-5.  The same antenna was measured with the two different line lengths specfied above, (/4 (results shown in Table 15-4) and (/2 (results shown in Table 15-5). You'll note only small differences in the antenna impedances obtained with the different lines at each frequency.  These differences result from the total error present in the measurements of the feed lines during their calibration, plus any error in the line-input measurements and in the mathematical transfer of the measured data to the antenna terminals through the LINTRNSA computer program. After examining Tables 15-4 and 15-5, and Fig 15-1, I believe you will agree that the differences between the measured impedances of my 80-meter dipole using the two different lengths of feed line are indeed small, which proves that a high degree of measurement accuracy can be obtained using the computer programs and the procedures I've presented. These measurements also disprove the myth that a (/2 length of feed line is required to obtain an accurate measurement of antenna terminal impedance.

Sec 15.5.1  Proof of Balun Effectiveness

     The close agreement in the data obtained from the two different lengths of feed line shown in Fig 15-1 proves the effectiveness of the balun in eliminating antenna current from the outer surface of the coax shield. If substantial current was flowing on the coax shield because of an ineffective balun (or with no balun at all), the outer surface would be a part of the antenna radiating system.  In that case, both the impedance and the SWR of the "antenna" would be affected by the length of the feed line. And if that were the case, there would be no agreement in the impedance or SWR data appearing in Fig 15-1, because the impedances and SWR values measured with the two different lengths of feed line would be drastically different.

     This is the reason why many see a change in SWR when they change the length of the feed line! When a balun in the system is performing effectively, the SWR will not change when length of the feed line is changed. This is explained in more detail in Chapter 21.

Sec 15.5.2  Comparison of Data From Different Feed Line Lengths 

     There are two more points that are of interest. It is often said that a (/2 feed line is necessary to measure the impedance or SWR of an antenna. This is not true. I have proved this to be incorrect with the evidence shown in Fig 15-1. However, the first point of interest here appears in the resistance RI and reactance XI columns in Table 15-5. These are the values of resistance and reactance measured at the input terminals of the feed line with the antenna connected at the other end. The values of resistance RL and reactance XL are those appearing at the load end of the line, which are at the input terminals of the antenna.  These values indicate the impedance of the antenna.

     Compare the values of R and X between the input and load columns in the rows where the frequencies are close to 3.782 MHz, say from 3.770 to 3.800 MHz. Notice how closely they agree, as they should do near the frequency where the feed line is (/2. However, the reason the resistance values at the line input are slightly lower than at the antenna is because of line attenuation, which is 0.259 dB at 3.782 MHz (attenuation A times the square root of 3.782). When a mismatched transmission line has attenuation, the value of the input resistance is always closer to the characteristic impedance ZC than it is when the line is lossless.

     Now make a similar comparison of the values of line input and load around 3.5 MHz and 4.0 MHz. The differences between the input and output impedances on the line at these frequencies are seen to be very large, indicating that the impedance repeatability of a (/2 line is valid only at the frequency where it is precisely a half wave in length.

     The second point of interest is in the RI and XI columns in Table 15-4. At frequencies where this feed line is close to (/4 at 3.797 MHz, we find impedance values that demonstrate the impedance-inverting action of the (/4 line. For example, at f = 3.775, RI = 37.6 ohms and RL = 64.46 ohms. Because of the impedance-inverting action of the (/4 line, these two values of resistance lie equidistant geometrically on either side of the line impedance, ZC.  The proof is that the square root of the product of these two numbers is 49.2, while ZC was found with TRANSCON to be 49 ohms.  This is one way of determining the characteristic impedance ZC of the feed line if it is (/4 long.  However, since ZC in the feed-line calibration data is 49, and since the XI and XL values are nearly exact negatives of each other, the quarter-wave length of the line and the characteristic impedance ZC are both verified by the measurements.

     In summary, the values of the antenna impedances appearing near the frequency at which the feed line is (/4 are inverted from those measured at the input terminals of the feed line. This brings us to the point of recognizing that both the impedance and the SWR of an antenna can be measured with a feed line of any length, as long as the electrical length is known and used in the impedance-transformation equation as described in the discussion of the LINTRNSM and LINTRNSA computer programs.  And finally, observe the large differences in the values of RI and XI obtained using a (/4 line (Table 15-4) in contrast to those obtained using a (/2 line (Table 15-5), with both lines terminated by the same antenna impedance.
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